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SEMCONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an object, a method, or a 

manufacturing method. Further, the present invention relates 
to a process, a machine, manufacture, or a composition of 
matter. In particular, the present invention relates to a semi 
conductor device, a display device, a light-emitting device, a 
method for driving any of them, or a method for manufactur 
ing any of them, for example. In particular, the present inven 
tion relates to a semiconductor device including an oxide 
semiconductor, a display device including an oxide semicon 
ductor, or a light-emitting device including an oxide semi 
conductor, for example. 

Note that in this specification, a “semiconductor device' 
generally refers to a device which can function by utilizing 
semiconductor characteristics; an electrooptic device, a light 
emitting display device, a semiconductor circuit, and an elec 
tronic device are all included in semiconductor devices. 

2. Description of the Related Art 
A technique by which transistors are formed using semi 

conductor thin films formed over a substrate having an insu 
lating Surface has been attracting attention. The transistor is 
applied to a wide range of electronic devices such as an 
integrated circuit (IC) or an image display device (display 
device). A silicon-based semiconductor material is widely 
known as a material for a semiconductor thin film applicable 
to a transistor. As another material, an oxide semiconductor 
has been attracting attention. 

For example, Patent Document 1 discloses a transistor in 
which an amorphous oxide semiconductor film containing 
indium (In), gallium (Ga), and Zinc (Zn) is used as an active 
layer and regions of the oxide semiconductor film to which 
hydrogen is added are included as a source region and a drain 
region. 

Further, Patent Document 2 discloses a transistor in which 
regions of an amorphous oxide semiconductor film to which 
nitrogen is added are included as a Source region and a drain 
region. 
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SUMMARY OF THE INVENTION 

However, in an oxide semiconductor, oxygen vacancies 
and hydrogen partly serve as a donor to generate electrons 
that are carriers. When the carrier density in an oxide semi 
conductor film becomes high, a channel is formed in a tran 
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2 
sistor without Voltage application to a gate, leading to a shift 
of threshold Voltage in the negative direction. 

In view of the above-described problem, an object of one 
embodiment of the present invention is to provide a transistor 
or the like with stable threshold voltage, which includes an 
oxide semiconductor. Another object of one embodiment of 
the present invention is to provide a semiconductor device or 
the like with improved reliability, which has a transistor 
including an oxide semiconductor. 

Another object of one embodiment of the present invention 
is to provide a novel semiconductor device or the like. 

Note that the descriptions of these objects do not disturb the 
existence of other objects. Note that in one embodiment of the 
present invention, there is no need to achieve all the objects. 
Other objects will be apparent from and can be derived from 
the description of the specification, the drawings, the claims, 
and the like. 

In order to achieve any of the above objects, it is important 
to reduce hydrogen concentration in a channel formation 
region of an oxide semiconductor. In one embodiment of the 
present invention, as one method for reducing hydrogen con 
centration, hydrogen is attracted to and trapped in an insulat 
ing film in contact with an oxide semiconductor (Such action 
can also be called intrinsic gettering). Here, the insulating 
film in contact with the oxide semiconductor is a gate insu 
lating film, a base insulating film, a protective insulating film, 
or the like. 

Hydrogen in the oxide semiconductor can be attracted to 
and trapped in the insulating film in contact with the oxide 
semiconductor if hydrogen existing in the insulating film in 
contact with the oxide semiconductor is more stable than 
hydrogen existing in the oxide semiconductor. 

In order to obtain the above-described state, it is effective to 
generate a defect in the insulating film in contact with the 
oxide semiconductor. It is disclosed in Table 2 or the like in 
Japanese Patent Application No. 2011-100980 (Patent Docu 
ment 3) that hydrogen existing in an insulating film with a 
defect is more stable than hydrogen existing in an oxide 
semiconductor. 

In one embodiment of the present invention, the following 
is to be used to generate a defect in an insulating film in 
contact with an oxide semiconductor: addition of an impurity 
Such as argon, nitrogen, carbon, phosphorus, boron, or metal; 
plasma treatment; UV irradiation; or the like. A region in 
which a defect is to be generated preferably includes a region 
overlapping with at least a source region and a drain region of 
an oxide semiconductor and preferably does not include a 
region overlapping with a channel formation region. 

Hydrogen in the oxide semiconductor is attracted to the 
defect generated in the insulating film. Due to the presence of 
hydrogen, the defect is stabilized (hydrogen is trapped). 

Therefore, in a semiconductor device according to one 
embodiment of the present invention, a region of an insulating 
film which overlaps with at least a source region and a drain 
region contains a higher proportion of hydrogen than a region 
overlapping with a channel formation region. Further, the 
region of the insulating film which overlaps with at least the 
Source region and the drain region contains a higher propor 
tion of impurities Such as argon, nitrogen, phosphorus, or 
boron than the region overlapping with the channel formation 
region. 
One embodiment of the present invention is a semiconduc 

tor device including an insulating film, an oxide semiconduc 
tor film in contact with the insulating film and including a 
channel formation region provided between a source region 
and a drain region, and a gate electrode overlapping with the 
oxide semiconductor film with a gate insulating film provided 
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therebetween. In the semiconductor device, in at least one of 
the insulating film and the gate insulating film, a region over 
lapping with at least the source region and the drain region 
contains a higher proportion of hydrogen than a region over 
lapping with the channel formation region. 

In at least one of the insulating film and the gate insulating 
film, the region overlapping with at least the source region 
and the drain region may contain a higher proportion of 
impurity than the region overlapping with the channel forma 
tion region. 

The impurity can be at least one kind selected from nitro 
gen (N), argon (Ar), carbon (C), phosphorus (P), and boron 
(B). 

In at least one of the insulating film and the gate insulating 
film, an impurity concentration in the region overlapping with 
at least the source region and the drain region can be higher 
than or equal to 10' atoms/cm and lower than or equal to 
10° atoms/cm. 
The Source region and the drain region may contain the 

impurity. 
A hydrogen concentration in the channel formation region 

of the oxide semiconductor film can be lower than or equal to 
5x10" atoms/cm. 
The source region and the drain region can contain the 

impurity. 
The crystallinity of the source region and the drain region 

of the oxide semiconductor film may be lower than the crys 
tallinity of the channel formation region. 

In accordance with one embodiment of the present inven 
tion, a transistor with stable threshold voltage, which includes 
an oxide semiconductor, can be provided. Further, a semicon 
ductor device with improved reliability, which has a transistor 
including an oxide semiconductor, can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B illustrate a semiconductor device accord 
ing to one embodiment of the present invention. 

FIGS. 2A to 2D illustrate a method for manufacturing a 
semiconductor device according to one embodiment of the 
present invention. 

FIGS. 3A to 3C illustrate a semiconductor device accord 
ing to one embodiment of the present invention. 

FIGS. 4A to 4C illustrate a semiconductor device accord 
ing to one embodiment of the present invention. 
FIGS.5A and 5B illustrate a semiconductor device accord 

ing to one embodiment of the present invention. 
FIGS.6A and 6B illustrate a semiconductor device accord 

ing to one embodiment of the present invention. 
FIGS. 7A and 7B illustrate a semiconductor device accord 

ing to one embodiment of the present invention. 
FIGS. 8A and 8Billustrate a semiconductor device accord 

ing to one embodiment of the present invention. 
FIGS. 9A1, 9A2.9B, 9C1,9C2, and 9D illustrate a semi 

conductor device according to one embodiment of the present 
invention. 

FIGS. 10A and 10B show calculation results of impurity 
profiles in oxide semiconductor films. 

FIG. 11 is a photograph of an oxide semiconductor film 
which is taken with a transmission electron microscope. 

FIG. 12 is a photograph of an oxide semiconductor film 
which is taken with a transmission electron microscope. 

FIG. 13 is a photograph of an oxide semiconductor film 
which is taken with a transmission electron microscope. 

FIG. 14 shows 3D-SIMS profiles of an oxide semiconduc 
tor film. 
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4 
FIGS. 15A to 15C show SIMS profiles of oxide semicon 

ductor films and insulating films. 
FIGS. 16A to 16C show SIMS profiles of oxide semicon 

ductor films and insulating films. 
FIG. 17 shows a photoresponse current curve of an oxide 

semiconductor film. 
FIG. 18 shows a defect level of an oxide semiconductor 

film obtained by PL measurement and CPM measurement. 
FIG. 19 shows the results of CPM measurement of a 

CAAC-OS film and an amorphous OS film. 
FIG. 20 shows a calculation result when NBOHC is intro 

duced into silicon oxide. 
FIG. 21 is a band diagram of an oxide semiconductor film 

and silicon oxide to each of which a defect is introduced. 
FIG.22A shows Id-Vg characteristics of a sample having a 

gate insulating film in which hydrogen is not reduced, and 
FIG. 22B shows Id-Vg characteristics of a sample having a 
gate insulating film in which hydrogen is reduced. 

FIGS. 23A and 23B show the results of CPM measurement 
of an oxide semiconductor film in which oxygen vacancies 
are further reduced. 

FIG. 24 is a photograph of an AM-LCD panel in which a 
CAAC-OS thin film transistor is used for a backplane. 

FIGS. 25A and 25B show results of examining a defect 
level in an oxide semiconductor film by HX-PES. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the invention disclosed in this specifica 
tion will be described below with reference to the accompa 
nying drawings. Note that the invention disclosed in this 
specification is not limited to the following description, and it 
is easily understood by those skilled in the art that modes and 
details can be variously changed. Therefore, the invention 
disclosed in this specification is not construed as being lim 
ited to the description of the following embodiments. 

Note that a transistor whose source electrode and drain 
electrode are not illustrated in a drawing may be referred to as 
a transistor for the sake of convenience. Further, in Such a 
case, in description of a connection of a transistor, a source 
region and a source electrode are collectively referred to as a 
“source electrode, and a drain region and a drain electrode 
are collectively referred to as a "drain electrode’. That is, in 
this specification, the term “source electrode' may include a 
Source region. 

Functions of a “source' (or “source region') and a “drain' 
(or “drain region') are sometimes replaced with each other 
when a transistor of opposite polarity is used or when the 
direction of current flowing is changed in circuit operation, 
for example. Thus, the terms “source' and “drain” can be 
replaced with each other in this specification and the like. 
Further, in this specification and the like, a channel formation 
region is a region between a source region (or a source elec 
trode) and a drain region (or a drain electrode). 

Embodiment 1 

In this embodiment, a structure and a manufacturing 
method of a semiconductor device according to one embodi 
ment of the present invention is described with reference to 
FIGS. 1A and 1B and FIGS 2A to 2D. 
<<Structure>> 

First, a structure of a semiconductor device is described. 
FIGS. 1A and 1B show a transistor 201 as an example of a 
semiconductor device. FIG. 1A is a top view of the transistor 
201. FIG. 1B is a cross-sectional view along the line A-B in 
FIG 1A 
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The transistor 201 includes, over a substrate 101, an insu 
lating film 103, an oxide semiconductor film 105 which is in 
contact with the insulating film 103, and a gate electrode 109 
overlapping with the oxide semiconductor film 105 with the 
gate insulating film 107 provided therebetween. The oxide 
semiconductor film 105 includes a source region 105a, a 
drain region 105c, and a channel formation region 105b sand 
wiched between the source region 105a and the drain region 
105c. The insulating film 103 includes a region 103b over 
lapping with the channel formation region, a region 103a 
overlapping with at least the Source region, and a region 103c 
overlapping with at least the drain region. The gate insulating 
film 107 includes a region 107b overlapping with the channel 
formation region, a region 107a overlapping with at least the 
Source region, and a region 107c overlapping with at least the 
drain region. 

Here, in at least one of the insulating film 103 and the gate 
insulating film 107, regions overlapping with at least the 
Source region and the drain region are formed using an insu 
lating film including a higher proportion of hydrogen than a 
region overlapping with the channel formation region. 

In the insulating film, hydrogen is trapped by being 
attracted from the oxide semiconductor film 105. 

Further, in the case where impurities are added in order to 
attract and trap hydrogen, the insulating film may become an 
insulating film including impurities in addition to hydrogen. 

This can also be described as follows. In the insulating film 
103, the region 103a overlapping with at least the source 
region and the region 103c overlapping with at least the drain 
region include a higher proportion of hydrogen than the 
region 103b overlapping with the channel formation region. 
In the insulating film 103, the region 103a overlapping with at 
least the source region and the region 103c overlapping with 
at least the drain region may include a higher proportion of 
impurities than the region 103b overlapping with the channel 
formation region. 

Further, in the gate insulating film 107, the region 107a 
overlapping with at least the source region and the region 
107c overlapping with at least the drain region include a 
higher proportion of hydrogen than the region 107b overlap 
ping with the channel formation region. Further, in the gate 
insulating film 107, the region 107a overlapping with at least 
the source region and the region 107c overlapping with at 
least the drain region may include a higher proportion of 
impurities than the region 107b overlapping with the channel 
formation region. 

With a structure where the region 103b overlapping with 
the channel formation region or the region 107b overlapping 
with the channel formation region includes a low proportion 
of impurities and hydrogen, it is possible to prevent hydrogen 
from adversely affecting the characteristics of the transistor. 

In the oxide semiconductor film 105, the source region 
105a and the drain region 105c may include impurities and 
hydrogen at a proportion higher than that in the channel 
formation region 105b. 

With a structure where the source region 105a and the drain 
region 105c include a high proportion of impurities, hydrogen 
in the channel formation region 105b can be attracted and 
trapped. When the source region 105a and the drain region 
105c include a high proportion of impurities and hydrogen, 
the resistances of the source region 105a and the drain region 
105c are reduced. Thus, electrical connection between each 
of the source and the drain regions 105a and 105c and a wiring 
is improved. Further, the source region 105a and the drain 
region 105c can serve as lightly doped drain (LDD) regions to 
Suppress the degradation of transistor characteristics. 
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6 
Note that the hydrogen concentration in the channel for 

mation region 105b of the oxide semiconductor film 105 is 
lower than or equal to 5x10" atoms/cm, preferably, lower 
than or equal to 5x10" atoms/cm, more preferably, lower 
than or equal to 5x10'7 atoms/cm. 
The reduction of hydrogen concentration in the channel 

formation region 105b leads to the reduction of carrier den 
sity, thereby inhibiting a shift of the threshold voltage of the 
transistor in the negative direction. Further, the off-state cur 
rent of the transistor can be markedly reduced. The off-state 
current of the transistor including an oxide semiconductor 
can be as low as 10 yA/um (1x10° A/um) or less at room 
temperature, and 1 ZA/um (1x10' A?um) or less at 85°C. to 
95°C. The off-state current can be measured by a method 
disclosed in Japanese Published Patent Application No. 2011 
237418 (Patent Document 4), for example. 
The crystallinity of the source region 105a and the drain 

region 105c may be lower than the crystallinity of the channel 
formation region 105b. 
An oxide semiconductor may include a non-single-crystal, 

for example. The non-single-crystal is, for example, struc 
tured by at least one of c-axis aligned crystal (CAAC), poly 
crystal, microcrystal, and an amorphous part. 
An oxide semiconductor may include CAAC, for example. 

Note that an oxide semiconductor including CAAC is 
referred to as a CAAC-OS (c-axis aligned crystalline oxide 
semiconductor). 

In an image obtained with a transmission electron micro 
scope (TEM), for example, crystal parts can be found in the 
CAAC-OS in some cases. In most cases, in an image obtained 
with a TEM, crystal parts in the CAAC-OS each fit inside a 
cube whose one side is less than 100 nm, for example. In an 
image obtained with a TEM, a boundary between the crystal 
parts in the CAAC-OS is not clearly observed in some cases. 
Further, in an image obtained with a TEM, a grain boundary 
in the CAAC-OS is not clearly observed in some cases. In the 
CAAC-OS, since a clear grain boundary does not exist, for 
example, segregation of an impurity is unlikely to occur. In 
the CAAC-OS, since a clear boundary does not exist, for 
example, high density of defect states is unlikely to occur. In 
the CAAC-OS, since a clear grainboundary does not exist, for 
example, a reduction in electron mobility is unlikely to occur. 

For example, the CAAC-OS includes a plurality of crystal 
parts. In the plurality of crystal parts, c-axes are aligned in a 
direction parallel to a normal vector of a surface where the 
CAAC-OS is formed or a normal vector of a surface of the 
CAAC-OS in some cases. When the CAAC-OS is analyzed 
by an out-of-plane method with an X-ray diffraction (XRD) 
apparatus, a peak at 20 of around 31 degrees which shows 
alignment appears in Some cases. Further, for example, spots 
(luminescent spots) are observed in an electron diffraction 
image of the CAAC-OS in some cases. An electron diffrac 
tion image obtained with an electron beam having a beam 
diameter of 10 nmcp or smaller, or 5 nmcp or smaller, is called 
a nanobeam electron diffraction image. In the CAAC-OS, for 
example, among crystal parts, the directions of the a-axis and 
the b-axis of one crystal part are different from those of 
another crystal part, in some cases. In the CAAC-OS, for 
example, c-axes are aligned, and a-axes and/or b-axes are not 
macroscopically aligned, in Some cases. 

In each of the crystal parts included in the CAAC-OS, for 
example, a c-axis is aligned in a direction parallel to a normal 
vector of a surface where the CAAC-OS is formed oranormal 
vector of a surface of the CAAC-OS, triangular or hexagonal 
atomic arrangement that is seen from the direction perpen 
dicular to the a-b plane is formed, and metal atoms are 
arranged in a layered manner or metal atoms and oxygen 
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atoms are arranged in a layered manner when seen from the 
direction perpendicular to the c-axis. Note that, among crystal 
parts, the directions of the a-axis and the b-axis of one crystal 
part may be different from those of another crystal part. In this 
specification, a term "perpendicular includes a range from 
80° to 100°, preferably from 85° to 95°. In addition, a term 
“parallel' includes a range from -10° to 10°, preferably from 
-50 to 50. 

Further, the CAAC-OS can be formed by reducing the 
density of defect states for example. In an oxide semiconduc 
tor, for example, oxygen vacancies are defect states. The 
oxygen vacancies serve as trap levels or serve as carriergen 
eration Sources when hydrogen is trapped therein. In order to 
form the CAAC-OS, for example, it is important to prevent 
oxygen vacancies from being generated in the oxide semi 
conductor. Thus, the CAAC-OS is an oxide semiconductor 
having a low density of defect states. In other words, the 
CAAC-OS is an oxide semiconductor having few oxygen 
Vacancies. 

The state in which impurity concentration is low and den 
sity of defect States is low (the number of oxygen vacancies is 
small) is referred to as “highly purified intrinsic' or “substan 
tially highly purified intrinsic'. A highly purified intrinsic or 
Substantially highly purified intrinsic oxide semiconductor 
has few carrier generation Sources, and thus has a low carrier 
density in some cases. Thus, in some cases, a transistor 
including the oxide semiconductor in a channel formation 
region rarely has a negative threshold Voltage (is rarely nor 
mally-on). A highly purified intrinsic or Substantially highly 
purified intrinsic oxide semiconductor has a low density of 
defect states and accordingly has low density of trap states in 
some cases. Thus, the transistor including the oxide semicon 
ductor in the channel formation region has a small variation in 
electrical characteristics and high reliability in some cases. A 
charge trapped by the trap states in the oxide semiconductor 
takes a long time to disappear. The trapped charge may 
behave like a fixed charge. Thus, the transistor which includes 
the oxide semiconductor having a high density of trap states 
in the channel formation region has unstable electrical char 
acteristics in Some cases. 

With the use of the highly purified intrinsic or substantially 
highly purified intrinsic CAAC-OS in a transistor, variation in 
the electrical characteristics of the transistor due to irradiation 
with visible light or ultraviolet light is small. 
An oxide semiconductor may include polycrystal, for 

example. Note that an oxide semiconductor including poly 
crystal is referred to as a polycrystalline oxide semiconductor. 
A polycrystalline oxide semiconductor includes a plurality of 
crystal grains. 
An oxide semiconductor may include microcrystal, for 

example. Note that an oxide semiconductor including micro 
crystal is referred to as a microcrystalline oxide semiconduc 
tOr. 

In an image obtained with a TEM, for example, crystal 
parts cannot be found clearly in the microcrystalline oxide 
semiconductor in some cases. In most cases, the size of a 
crystal part included in the microcrystalline oxide semicon 
ductor is greater than or equal to 1 nm and less than or equal 
to 100 nm, or greater than or equal to 1 nm and less than or 
equal to 10 nm, for example. A microcrystal with a size 
greater than or equal to 1 nm and less than or equal to 10 nm 
is specifically referred to as nanocrystal (nc), for example. An 
oxide semiconductor including nanocrystal is referred to as a 
nanocrystalline oxide semiconductor (nc-OS). In an image of 
the nc-OS obtained with a TEM, for example, a boundary 
between crystal parts is not clearly detected in some cases. In 
an image of the nc-OS obtained with a TEM, for example, 
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since a clear grain boundary does not exist, for example, 
segregation of an impurity is unlikely to occur. In the nc-OS, 
since a clear grainboundary does not exist, for example, high 
density of defect states is unlikely to occur. In the nc-OS, 
since a clear grain boundary does not exist, for example, a 
reduction in electron mobility is unlikely to occur. 

In the nc-OS, for example, a microscopic region (for 
example, a region with a size greater than or equal to 1 nm and 
less than or equal to 10 nm) has a periodic atomic order 
occasionally. Further, for example, in the nc-OS, crystal parts 
are not regularly-arranged. Thus, there is a case where peri 
odic atomic order is not observed microscopically or a case 
where long-range order in atomic arrangement is not 
observed. Accordingly, in some cases, the nc-OS cannot be 
distinguished from an amorphous oxide semiconductor, for 
example, depending on an analysis method. When the nc-OS 
is analyzed by an out-of-plane method with an XRD appara 
tus using an X-ray having a beam diameter larger than that of 
a crystal part, a peak which shows alignment does not appear 
in some cases. Further, for example, a halo pattern is shown in 
Some cases in an electron diffraction image of the nc-OS 
obtained by using an electron beam having a beam diameter 
larger than that of a crystal part (for example, a beam diameter 
of 20 nmcp or more, or 50 nmp or more). For example, spots 
are shown in some cases in a nanobeam electron diffraction 
image of the nc-OS obtained by using an electron beam 
having a beam diameter Smaller than or equal to that of a 
crystal part (for example, a beam diameter of 10 nmcp or less, 
or 5 nmp or less). In a nanobeam electron diffraction image of 
the nc-OS, for example, regions with high luminance in a 
circular pattern are shown in some cases. In a nanobeam 
electron diffraction image of the nc-OS, for example, a plu 
rality of spots is shown in the region in Some cases. 

Since the microscopic region in the nc-OS has a periodic 
atomic order occasionally, the nc-OS has lower density of 
defect states than the amorphous oxide semiconductor. Note 
that since crystal parts in the nc-OS are not regularly-ar 
ranged, the nc-OS has higher density of defect states than the 
CAAC-OS. 

Note that the oxide semiconductor may be a mixed film 
including two or more of a CAAC-OS, a polycrystalline oxide 
semiconductor, a microcrystalline oxide semiconductor, and 
an amorphous oxide semiconductor. The mixed film includes 
two or more of an amorphous oxide semiconductor region, a 
microcrystalline oxide semiconductor region, a polycrystal 
line oxide semiconductor region, and a CAAC-OS region in 
Some cases. The mixed film has a stacked-layer structure of 
two or more of an amorphous oxide semiconductor region, a 
microcrystalline oxide semiconductor region, a polycrystal 
line oxide semiconductor region, and a CAAC-OS region in 
SOC CaSCS. 

<Material and Manufacturing Methodd 
Next, a material and a manufacturing method which can be 

used for the semiconductor device are described. FIGS. 2A to 
2D show a part of a process for manufacturing the transistor 
201 which is an example of the semiconductor device. 
<Substrated 

There is no particular limitation on a substrate that can be 
used as the Substrate 101 having an insulating Surface as long 
as it has at least heat resistance enough to withstand heat 
treatment in a later step. For example, a glass Substrate of 
barium borosilicate glass, aluminoborosilicate glass, or the 
like, a ceramic Substrate, a quartz. Substrate, or a sapphire 
Substrate can be used. A single crystal semiconductor Sub 
strate or a polycrystalline semiconductor Substrate formed of 
silicon, silicon carbide, or the like; a compound semiconduc 
tor substrate of silicon germanium or the like; an SOI sub 
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strate; or the like can be used as the substrate 101, or the 
substrate provided with a semiconductor element can be used 
as the substrate 101. 
The semiconductor device may be manufactured using a 

flexible substrate as the substrate 101. To manufacture a flex 
ible semiconductor device, the transistor 201 including the 
oxide semiconductor film 105 may be directly formed over a 
flexible substrate; or alternatively, the transistor 201 includ 
ing the oxide semiconductor film 105 may be formed over a 
Substrate, and then may be separated and transferred to a 
flexible substrate. Note that in order to separate the transistor 
201 from the manufacturing substrate and transfer it to the 
flexible substrate, a separation layer is preferably provided 
between the manufacturing substrate and the transistor 201 
including the oxide semiconductor film. As the separation 
layer, for example, metal Such as tungsten can be used. 

Preferably, the insulating film 103 is provided as a base 
insulating film over the substrate 101 and a semiconductor 
device is manufactured over the insulating film 103. The 
insulating film 103 can be formed by a plasma CVD method, 
a sputtering method, or the like. The insulating film 103 can 
have a single-layer structure or a stacked-layer structure of 
one or more film containing a silicon oxide, silicon nitride, 
silicon oxynitride, silicon nitride oxide, aluminum oxide, alu 
minum nitride, aluminum oxynitride, aluminum nitride 
oxide, hafnium oxide, gallium oxide, or a mixed material 
including any of these materials. In the case of using a plasma 
CVD method, a hydrogen compound of metal, a hydrogen 
compound of silicon, a metal compound, a halide, or the like 
can be used as a source gas. For example, when silicon oxyni 
tride is formed, silane and nitrous oxide can be used as a 
source gas. When gallium oxide is formed, trimethylgallium 
or the like can be used. Further, a silicon substrate may be 
used as the substrate 101 and a silicon oxide film formed by 
oxidizing the silicon Substrate can be used as the insulating 
film 103. 

Note that the insulating film 103 is preferably formed with 
a single-layer structure or a stacked-layer structure including 
an insulating oxide layer. 

It is preferable that the insulating film 103 include an 
oxygen-excess region. This is because oxygen vacancies in 
the oxide semiconductor film 105, which is formed in a later 
step, can be filled with excess oxygen contained in the insu 
lating film 103. In the case where the insulating film 103 has 
a stacked-layer structure, the insulating film 103 preferably 
includes an oxygen-excess region at least in a layer in contact 
with the oxide semiconductor film 105. In order to provide the 
oxygen-excess region in the insulating film 103, for example, 
the insulating film 103 may be formed in an oxygen atmo 
sphere. Alternatively, the oxygen-excess region may be 
formed by introducing oxygen (including at least one of an 
oxygen radical, an oxygen atom, and an oxygen ion) to the 
insulating film 103 after the formation of the insulating film 
103. Oxygen can be introduced by an ion implantation 
method, an ion doping method, a plasma immersion ion 
implantation method, plasma treatment, or the like. 
The insulating film 103 preferably includes a silicon nitride 

film, a silicon nitride oxide film, or an aluminum oxide film 
being in contact with the bottom Surface of a layer having the 
oxygen-excess region. When the insulating film 103 includes 
a silicon nitride film, a silicon nitride oxide film, or an alumi 
num oxide film, diffusion of impurities to the oxide semicon 
ductor film 105 can be prevented. 
<Oxide Semiconductor Film 

Next, an oxide semiconductor film is formed over the sub 
strate 101 and is processed into an island shape to form the 
oxide semiconductor film 105 (see FIG.2A). The thickness of 
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the oxide semiconductor film 105 is, for example, 1 nm to 30 
nm, preferably 5 nm to 10 nm. 
The oxide semiconductor film may have either a single 

layer structure or a stacked-layer structure. Further, the oxide 
semiconductor film may have either an amorphous structure 
or a crystalline structure. In the case where the oxide semi 
conductor film has an amorphous structure, the oxide semi 
conductor film may be subjected to heat treatment in a later 
manufacturing step to have crystallinity. The heat treatment 
for crystallizing the amorphous oxide semiconductor film is 
performed at a temperature higher than or equal to 250° C. 
and lower than or equal to 700° C., preferably higher than or 
equal to 400°C., more preferably higher than or equal to 500° 
C., still more preferably higher than or equal to 550° C. Note 
that the heat treatment can also serve as another heat treat 
ment in the manufacturing process. 
The oxide semiconductor film can be formed by a sputter 

ing method, a molecular beam epitaxy (MBE) method, a 
plasma CVD method, a pulse laser deposition method, an 
atomic layer deposition (ALD) method, a mist CVD method, 
or the like as appropriate. 

In the formation of the oxide semiconductor film, the 
hydrogen concentration in the oxide semiconductor film is 
preferably reduced as much as possible. In order to reduce the 
hydrogen concentration, for example, in the case where a 
sputtering method is used for film formation, a high-purity 
rare gas (typically, argon) from which impurities such as 
hydrogen, water, a hydroxyl group, and a hydride have been 
removed; oxygen; or a mixed gas of oxygen and the rare gas 
is preferably used as appropriate as an atmosphere gas Sup 
plied to a treatment chamber of a sputtering apparatus. 
The oxide semiconductor film is formed in such a manner 

that a sputtering gas from which hydrogen and moisture have 
been removed is introduced into a deposition chamber while 
moisture remaining therein is removed, whereby the hydro 
gen concentration in the formed oxide semiconductor film 
can be reduced. In order to remove the residual moisture in the 
deposition chamber, an entrapment vacuum pump, for 
example, a cryopump, anion pump, or a titanium Sublimation 
pump is preferably used. Alternatively, a turbo molecular 
pump provided with a cold trap may also be used. When the 
deposition chamber is evacuated with the cryopump, which 
has a high capability in removing a hydrogen molecule, a 
compound containing a hydrogen atom Such as water, and 
also a compound containing a carbonatom, and the like; thus, 
the impurity concentration in the oxide semiconductor film 
formed in the deposition chamber can be reduced. 

Further, in the case where the oxide semiconductor film is 
formed by a sputtering method, the relative density (the fill 
rate) of a metal oxide target which is used for forming the 
oxide semiconductor film is greater than or equal to 90% and 
less than or equal to 100%, preferably greater than or equal to 
95% and less than or equal to 99.9%. This is because, with the 
use of the metal oxide target with a high relative density, the 
formed oxide semiconductor film can be a dense film. 
To reduce the impurity concentration in the oxide semicon 

ductor film, it is also effective to form the oxide semiconduc 
tor film while the substrate 101 is kept at high temperature. 
The heating temperature of the substrate 101 may be higher 
than or equal to 150° C. and lower than or equal to 450° C. 
and preferably, the substrate temperature is higher than or 
equal to 200° C. and lower than or equal to 350° C. By heating 
the Substrate at high temperature during the film formation, 
the crystallinity of the oxide semiconductor film can be 
increased. 
An oxide semiconductor used for the oxide semiconductor 

film 105 preferably contains at least indium (In). In particular, 



US 9,035,305 B2 
11 

indium and Zinc (Zn) are preferably contained. In addition, as 
a stabilizer for reducing the variation in electrical character 
istics of a transistor using the oxide semiconductor, the oxide 
semiconductor preferably gallium (Ga) in addition to In and 
Zn. It is preferable that one or more elements selected from tin 
(Sn), hafnium (Hf), aluminum (Al), and zirconium (Zr) be 
contained as a stabilizer. 
As another stabilizer, one or plural kinds of lanthanoid Such 

as lanthanum (La), cerium (Ce), praseodymium (Pr), neody 
mium (Nd), Samarium (Sm), europium (Eu), gadolinium 
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium 
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be 
contained. 
As the oxide semiconductor, for example, any of the fol 

lowing can be used: indium oxide; tin oxide; Zinc oxide; a 
two-component metal oxide such as an In-Zn-based oxide, 
an In-Mg-based oxide, or an In-Ga-based oxide; a three 
component metal oxide Such as an In-Ga—Zn-based oxide 
(also referred to as IGZO), an In Al Zn-based oxide, an 
In—Sn-Zn-based oxide, an In-Hf, Zn-based oxide, an 
In-La-Zn-based oxide, an In-Ce—Zn-based oxide, an 
In-Pr—Zn-based oxide, an In-Nd—Zn-based oxide, an 
In—Sm—Zn-based oxide, an In-Eu-Zn-based oxide, an 
In—Gd-Zn-based oxide, an In Tb-Zn-based oxide, an 
In—Dy—Zn-based oxide, an In-Ho-Zn-based oxide, an 
In—Er—Zn-based oxide, an In Tm Zn-based oxide, an 
In Yb-Zn-based oxide, or an In-Lu-Zn-based oxide; or 
a four-component metal oxide Such as an In Sn—Ga—Zn 
based oxide, an In-Hf Ga—Zn-based oxide, an In Al 
Ga—Zn-based oxide, an In-Sn—Al-Zn-based oxide, an 
In Sn—Hf Zn-based oxide, or an In Hf Al Zn 
based oxide. 

Note that here, for example, an In—Ga—Zn-based oxide 
means an oxide containing In, Ga, and Zn as its main com 
ponent, and there is no particular limitation on the ratio of In, 
Ga, and Zn. The In—Ga—Zn-based oxide may contain a 
metal element other than In, Ga., and Zn. 

Alternatively, a material represented by InMO(ZnO), 
(m0 is satisfied, and m is not an integer) may be used as an 
oxide semiconductor. Note that M represents one or more 
metal elements selected from Ga, Fe, Mn, and Co. Alterna 
tively, as the oxide semiconductor, a material expressed by a 
chemical formula, InSnO(ZnO), (n0, n is an integer) may 
be used. 

For example, it is possible to use an In-Ga—Zn-based 
oxide with an atomic ratio of In: Ga:Zn=1:1:1, In: Ga:Zn=2: 
2:1, or In: Ga:Zn=3:1:2, or any of oxides whose composition 
is in the neighborhood of the above compositions. Alterna 
tively, it is possible to use an In—Sn Zn-based oxide with 
an atomic ratio of In:Sn:Zn=1:1:1, In:Sn:Zn=2:1:3, or In:Sn: 
Zn 2:1:5, or any of oxides whose composition is in the neigh 
borhood of the above compositions. 

Note that for example, the expression “the composition of 
an oxide including In, Ga., and Zn at the atomic ratio. In:Gia: 
Zn-a:b:c (a+b+c-1), is in the neighborhood of the composi 
tion of an oxide containing In, Ga, and Zn at the atomic ratio, 
In: Ga:Zn=A:B:C (A+B+C=1) means that a, b, and c satisfy 
the following relation: (a-A)+(b-B)+(c-C)’sr', and r may 
be 0.05, for example. The same applies to other oxides. 

However, the present invention is not limited to the above 
compositions, and an oxide having an appropriate composi 
tion may be used depending on needed electrical character 
istics of a transistor (e.g., field-effect mobility, threshold volt 
age, or variation). In order to obtain the needed electrical 
characteristics, the carrier concentration, the impurity con 
centration, the defect density, the atomic ratio between a 
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metal element and oxygen, the interatomic distance, the den 
sity, and the like are preferably set to appropriate values. 

For example, high field-effect mobility can be obtained 
relatively easily in a transistor including an In Sn—Zn 
based oxide semiconductor. Also in the case of a transistor 
including an In-Ga—Zn-based oxide semiconductor, the 
field-effect mobility can be increased by reducing the defect 
density in a bulk. 
The oxide semiconductor film 105 may have a single-layer 

structure or a stacked-layer structure of a plurality of oxide 
semiconductor films. For example, the oxide semiconductor 
film 105 may have a stacked-layer structure of a first oxide 
semiconductor film and a second oxide semiconductor film 
that are formed using metal oxides with different composi 
tions. For example, the first oxide semiconductor film may be 
formed using a three-component metal oxide, and the second 
oxide semiconductor film may be formed using a two-com 
ponent metal oxide. Alternatively, for example, both the first 
oxide semiconductor film and the second oxide semiconduc 
tor film may beformed using a three-component metal oxide. 

Further, the constituent elements of the first oxide semi 
conductor film and the second oxide semiconductor film are 
made to be the same and the composition of the constituent 
elements of the first oxide semiconductor film and the second 
oxide semiconductor film may be made to be different. For 
example, the first oxide semiconductor film may have an 
atomic ratio of In:Ga:Zn=1:1:1 or an atomic ratio in the 
neighborhood of the atomic ratio, and the second oxide semi 
conductor film may have anatomic ratio of In: Ga:Zn=3:1:2 or 
an atomic ratio in the neighborhood of the atomic ratio. Alter 
natively, the first oxide semiconductor film may have an 
atomic ratio of In:Ga:Zn=1:3:2 or an atomic ratio in the 
neighborhood of the atomic ratio, and the second oxide semi 
conductor film may have anatomic ratio of In: Ga:Zn-2: 1:3 or 
an atomic ratio in the neighborhood of the atomic ratio. 
At this time, in one of the first oxide semiconductor film 

and the second oxide semiconductor film which is closer to 
the gate electrode (on a channel side), the percentage of the In 
content is preferably higher than the percentage of the Ga 
content. In the other film which is farther from the gate 
electrode (on a back channel side), the percentage of the In 
content is preferably lower than or equal to the percentage of 
the Ga content. 

In an oxide semiconductor, the s orbit of heavy metal 
mainly contributes to carrier transfer, and when the percent 
age of the In content in the oxide semiconductor is increased, 
overlap of the s orbits is likely to be increased. Therefore, an 
oxide having a composition of In-Ga has higher mobility 
than an oxide having a composition of InsGa. Further, in Ga, 
the formation energy of oxygen vacancy is larger and thus 
oxygen vacancy is less likely to occur, than in In; therefore, 
the oxide having a composition of InsGa has more stable 
characteristics than the oxide having a composition of In-Ga. 
An oxide semiconductor having a composition of In-Gais 

used on the channel side, and an oxide semiconductor having 
a composition of InsGa is used on the back channel side, so 
that mobility and reliability of the transistor can be further 
improved. 

Further, oxide semiconductor films having different crys 
tallinities may be used for the first oxide semiconductor film 
and the second oxide semiconductor film. That is, the oxide 
semiconductor films may be formed using any of a single 
crystal oxide semiconductor film, a polycrystalline oxide 
semiconductor film, an amorphous oxide semiconductor 
film, and a CAAC-OS film, as appropriate. When an amor 
phous oxide semiconductor film is used for at least one of the 
first oxide semiconductor film and the second oxide semicon 
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ductor film, internal stress or external stress of the oxide 
semiconductor film 105 is relieved, variations in characteris 
tics of the transistor are reduced, and the reliability of the 
transistors can be further increased. 
On the otherhand, anamorphous oxide semiconductor film 

is likely to absorb an impurity which serves as a donor, Such 
as hydrogen, and is likely to generate oxygen vacancy, and 
thus easily becomes n-type. For this reason, an oxide semi 
conductor film having crystallinity such as a CAAC-OS film 
is preferably used for the oxide semiconductor film on the 
channel side. 

Further, the oxide semiconductor film 105 is preferably 
Subjected to heat treatment for removing excess hydrogen, 
including water and a hydroxyl group, (dehydration or dehy 
drogenation) contained in the oxide semiconductor film 105. 
The temperature of the heat treatment is higher than or equal 
to 300° C. and lowerthan or equal to 700° C., or lowerthan the 
strain point of the substrate. The heat treatment can be per 
formed under reduced pressure, a nitrogen atmosphere, or the 
like. 
By the heat treatment, the hydrogen concentration in the 

oxide semiconductor film 105 after the dehydration or dehy 
drogenation treatment can be lower than or equal to 5x10'/ 
cm, preferably lower than or equal to 5x10"/cm, more 
preferably lower than or equal to 5x10" atoms/cm. 

Note that the heat treatment for the dehydration or dehy 
drogenation may be performed at any timing in the manufac 
turing process of the transistor 201 as long as the heat treat 
ment is performed after the formation of the oxide 
semiconductor film. The heat treatment for dehydration or 
dehydrogenation may be performed a plurality of times, and 
may also serve as another heat treatment. 

Note that in the case where an insulating film containing 
oxygen is provided as the base insulating film, the heat treat 
ment for the dehydration or dehydrogenation is preferably 
performed before the oxide semiconductor film is processed 
into an island shape because oxygen contained in the base 
insulating film can be prevented from being released to the 
outside by the heat treatment. 

In the heat treatment, it is preferable that water, hydrogen, 
or the like be not contained in nitrogen or a rare gas Such as 
helium, neon, or argon. The purity of nitrogen or the rare gas 
Such as helium, neon, or argon which is introduced into the 
heat treatment apparatus is set to preferably 6N (99.9999%) 
or higher, further preferably 7N (99.99999%) or higher (that 
is, the impurity concentration is preferably 1 ppm or lower, 
further preferably 0.1 ppm or lower). 

In addition, after the oxide semiconductor film 105 is 
heated by the heat treatment, a high-purity oxygen gas, a 
high-purity nitrous oxide gas, or ultra dry air (the moisture 
amount is less than or equal to 20 ppm (-55° C. by conversion 
into a dew point), preferably less than or equal to 1 ppm, 
further preferably less than or equal to 10 ppb, in the mea 
Surement with use of a dew point meter of a cavity ring down 
laser spectroscopy (CRDS) system) may be introduced into 
the same furnace while the heating temperature is being 
maintained or being gradually decreased. It is preferable that 
water, hydrogen, or the like be not contained in the oxygen 
gas or the nitrous oxide gas. The purity of the oxygen gas or 
the nitrous oxide gas which is introduced into the heat treat 
ment apparatus is preferably higher than or equal to 6N, 
further preferably higher than or equal to 7N (i.e., the impu 
rity concentration in the oxygen gas or the nitrous oxide gas is 
preferably lower than or equal to 1 ppm, further preferably 
lower than or equal to 0.1 ppm). The oxygen gas or the nitrous 
oxide gas acts to Supply oxygen, which is a main component 
of the oxide semiconductor and has been reduced by the step 
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of removing impurities for dehydration or dehydrogenation. 
By Supplying oxygen, the oxide semiconductor film 105 can 
have high purity and be an i-type (intrinsic) oxide semicon 
ductor film. Variation in electrical characteristics of a transis 
tor having an i-type (intrinsic) oxide semiconductor is Sup 
pressed, and the transistor is electrically stable. 

Further or alternatively, oxygen (which includes at least 
one of an oxygen radical, an oxygenatom, and an oxygen ion) 
may be added to the oxide semiconductor film after being 
Subjected to the dehydration or dehydrogenation treatment to 
Supply oxygen to the oxide semiconductor film. 
Oxygen may be directly introduced into the oxide semi 

conductor film or may be introduced into the oxide semicon 
ductor film 105 through another film such as the gate insulat 
ing film 107 to be formed later. When oxygen is introduced 
through another film, an ion implantation method, an ion 
doping method, a plasma immersion ion implantation 
method, or the like may be used. In the case where oxygen is 
directly introduced into the oxide semiconductor film 105 
which is exposed, plasma treatment or the like can be used in 
addition to the above-described methods. 
As a gas for Supplying oxygen, a gas containing O may be 

used; for example, an O gas, an NO gas, a CO gas, a CO 
gas, oran NO gas may be used. Note that a rare gas (e.g., an 
Argas) may be contained in the Supply gas of the oxygen. 

For example, in the case where an oxygen ion is introduced 
into the oxide semiconductor film 105 by an ion implantation 
method, the dosage can be greater than or equal to 1x10' 
ions/cm and less than or equal to 5x10' ions/cm. 

Alternatively, oxygen may be supplied to the oxide semi 
conductor film 105 in the following manner: an insulating 
layer in contact with the oxide semiconductor film 105 is 
formed to have an oxygen-excess region; and heat treatment 
is performed in a state where the insulating layer and the 
oxide semiconductor film 105 are in contact with each other, 
so that excess oxygen contained in the insulating layer is 
diffused to the oxide semiconductor film 105. The heat treat 
ment may serve as another heat treatment in the manufactur 
ing process of the transistor 201. 
The timing of Supply of oxygen to the oxide semiconductor 

film is not particularly limited to the above as long as it is after 
the formation of the oxide semiconductor film. Oxygen may 
be introduced into the oxide semiconductor film plural times. 
Further, in the case where the oxide semiconductor film has a 
stacked-layer structure of a plurality of layers, heat treatment 
for dehydration or dehydrogenation and/or oxygen Supply 
may be performed separately on each oxide semiconductor 
film or may be performed once on the oxide semiconductor 
film after the oxide semiconductor film having a stacked 
layer structure is formed. 

In the case of forming the insulating film 103, the insulat 
ing film 103 and the oxide semiconductor film 105 are pref 
erably formed in Succession without exposure to the air. 
According to successive formation of the insulating film 103 
and the oxide semiconductor film 105 without exposure to the 
air, impurities such as hydrogen and moisture can be pre 
vented from being adsorbed onto a top surface of the insulat 
ing film 103. 
<Gate Insulating Film 

Next, the gate insulating film 107 covering the oxide semi 
conductor film 105 is formed. In this embodiment, the gate 
insulating film 107 can be formed with a thickness greater 
than or equal to 1 nm and less than or equal to 20 nm by a 
sputtering method, an MBE method, a CVD method, a pulsed 
laser deposition method, an ALD method, or the like as appro 
priate. Note that a high-density plasma CVD method using 
microwaves (e.g., with a frequency of 2.45 GHz) is preferably 
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employed for forming the gate insulating film 107 because an 
insulating layer can be dense and can have high breakdown 
Voltage and high quality. 
The gate insulating film 107 can be formed using a silicon 

oxide film, a gallium oxide film, an aluminum oxide film, a 
silicon nitride film, a silicon oxynitride film, an aluminum 
oxynitride film, or a silicon nitride oxide film. A portion of the 
gate insulating film 107, which is in contact with the oxide 
semiconductor film 105, preferably contains oxygen. In par 
ticular, the gate insulating film 107 preferably contains, in the 
film (bulk), oxygen in excess of the Stoichiometric composi 
tion. For example, in the case where a silicon oxide film is 
used as the gate insulating film 107, the composition formula 
is preferably SiO. (Cd 0). Further, the gate insulating film 
107 is preferably formed in consideration of the size of a 
transistor to be formed and the step coverage with the gate 
insulating film 107. 

Further, as a material for the gate insulating film 107. 
hafnium oxide, yttrium oxide, hafnium silicate (HFSiO, 
(x>0, yo-0)), hafnium silicate to which nitrogen is added, 
hafnium aluminate (HfAlO, (x>0, yo-0)), lanthanum oxide, 
or the like may be used. Furthermore, the gate insulating film 
107 may have either a single-layer structure or a stacked-layer 
Structure. 
<Gate Electrode> 

Next, a conductive film is formed over the gate insulating 
film 107, and the conductive film is etched, whereby the gate 
electrode 109 is formed (see FIG. 2B). 
The gate electrode 109 can beformed using a metal such as 

molybdenum, titanium, tantalum, tungsten, aluminum, cop 
per, chromium, neodymium, or scandium, or an alloy which 
includes any of these materials as a main component. Alter 
natively, a semiconductor film typified by a polycrystalline 
silicon film doped with an impurity Such as phosphorus, or a 
silicide film of nickel silicide or the like may be used as the 
gate electrode 109. The gate electrode 109 may have a single 
layer structure or a stacked-layer structure. The thickness of 
the gate electrode 109 is preferably greater than or equal to 50 
nm and less than or equal to 300 nm. 
The gate electrode 109 can also be formed using a conduc 

tive material Such as indium oxide-tin oxide, indium oxide 
containing tungsten oxide, indium Zinc oxide containing 
tungsten oxide, indium oxide containing titanium oxide, 
indium tin oxide containing titanium oxide, indium oxide 
Zinc oxide, or indium tin oxide to which silicon oxide is 
added. It is also possible that the gate electrode 109 has a 
stacked-layer structure of any of the above conductive mate 
rials and any of the above metal materials. 
As one layer in a stacked-layer structure of the gate elec 

trode 109, which is in contact with the gate insulating film 
107, a metal oxide containing nitrogen, specifically, an 
In—Ga—Zn-O film containing nitrogen, an In Sn—O 
film containing nitrogen, an In-Ga—O film containing 
nitrogen, an In-Zn-O film containing nitrogen, a Sn—O 
film containing nitrogen, an In-O film containing nitrogen, 
or a metal nitride (e.g., InN or SnN) film can be used. These 
films each have a work function higher than or equal to 5 eV 
(electron volts), preferably higher than or equal to 5.5 eV 
(electron volts); thus, when these films are used for the gate 
electrode, the threshold voltage of the transistor can be posi 
tive. Accordingly, a so-called normally-offswitching element 
can be achieved. 
<Formation of Defect> 

Next, a defect is generated in at least one of the insulating 
film 103 and the gate insulating film 107. The defect can be 
generated by adding an impurity Such as argon, nitrogen, 
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carbon, phosphorus, boron, or metal, performing plasma 
treatment, performing UV irradiation, or the like. 

Hydrogen in the oxide semiconductor is attracted to the 
defect generated in the insulating film. Due to the presence of 
hydrogen, the defect is stabilized (hydrogen is trapped). 

In this embodiment, an impurity 110 is added to the insu 
lating film 103, the oxide semiconductor film 105, and the 
gate insulating film 107 in order to generate the defect (see 
FIG. 2C). 
At this time, the gate electrode 109 is used as a mask, 

whereby the source region 105a, the drain region 105c, and 
the channel formation region 105b can be formed in a self 
aligned manner in the oxide semiconductor film 105 (see FIG. 
2D). Similarly, the region 103a overlapping with at least the 
Source region, the region 103c overlapping with at least the 
drain region, and the region 103b overlapping with the chan 
nel formation region can be formed in a self-aligned manner 
in the insulating film 103. Similarly, the region 107a overlap 
ping with at least the Source region, the region 107c overlap 
ping with at least the drain region, and the region 107b over 
lapping with the channel formation region can be formed in a 
self-aligned manner in the gate insulating film 107. 

There is no particular limitation on the impurity 110. In 
general, nitrogen, a rare gas such as argon, carbon, phospho 
rus, boron, aluminum, arsenic, metal, or the like can be used. 
Further, In, Ga., Zn, Si, O, or the like which can be a constitu 
ent element of the oxide semiconductor film and the insulat 
ing film may be used. In that case, the compositions of the 
oxide semiconductor film 105, the insulating film 103, and 
the gate insulating film 107 may be changed. 
As a method for adding the impurity 110, an ion doping 

method, an ion implantation method, or the like can be used. 
By adding the impurity 110, defects Such as dangling 

bonds are generated in the region 103a overlapping with at 
least the Source region, the region 103c overlapping with at 
least the drain region, the region 107a overlapping with at 
least the Source region, and the region 107c overlapping with 
at least the drain region. 

In other words, the region 103a overlapping with at least 
the source region, the region 103c overlapping with at least 
the drain region, the region 107a overlapping with at least the 
Source region, and the region 107c overlapping with at least 
the drain region are chemically activated. 

Note that although FIG.2C shows an example in which the 
impurity 110 is added to the insulating film 103, the oxide 
semiconductor film 105, and the gate insulating film 107, it is 
not necessary to add the impurity 110 to all of the three kinds 
offilms. For example, the impurity 110 may be added only to 
the insulating film 103 or only to the gate insulating film 107. 

Further, also in a film to which the impurity is not added, 
defects are generated in some cases by the passage of the 
impurity. For example, in the case where the impurity is 
added to the insulating film 103 by an ion doping method or 
the like but the impurity is not added to the gate insulating film 
107, defects due to the passage of the impurity 110 might be 
generated in the gate insulating film 107. 

Further, by adding the impurity 110, defects are generated 
in the source region 105a and the drain region 105c, leading 
to lowering of crystallinity. Therefore, for example, the chan 
nel formation region 105b can be a CAAC-OS film, and each 
of the source region 105a and the drain region 105c can be an 
amorphous oxide semiconductor film. 
<Heat Treatment> 

After adding the impurity 110, heat treatment is preferably 
performed. By performing the heat treatment, hydrogen is 
easily diffused from the oxide semiconductor film 105 to an 
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insulating film in the vicinity of the oxide semiconductor film 
105 (here, at least one of the insulating film 103 and the gate 
insulating film 107). 

Hydrogen diffused from the oxide semiconductor film 105 
is attracted to and trapped in the dangling bond included in the 
insulating film in the vicinity of the oxide semiconductor film 
105. The dangling bond is stabilized by trapping hydrogen. 

In other words, hydrogen is attracted to and trapped in the 
region 103a overlapping with at least the source region, the 
region 103c overlapping with at least the drain region, the 
region 107a overlapping with at least the Source region, and 
the region 107c overlapping with at least the drain region 
which are chemically activated. 

The heat treatment may be performed at a temperature 
which is sufficient to diffuse hydrogen. The diffusion coeffi 
cient of hydrogen in a CAAC-OS film is 3.0x10', and the 
diffusion coefficient of hydrogen in an amorphous oxide 
semiconductor film is 9.0x10'7. Therefore, the heating tem 
perature is preferably higher than or equal to 150° C. and 
lower than or equal to 650° C., more preferably higher than or 
equal to 200° C. and lower than or equal to 450° C. Further, 
the heat treatment may also serve as heat treatment in a later 
step. 

Note that in each of the region 103a overlapping with at 
least the source region, the region 103c overlapping with at 
least the drain region, the region 107a overlapping with at 
least the source region, and the region 107c overlapping with 
at least the drain region, the impurity is preferably contained 
at higher than or equal to 10' atoms/cm and lower than or 
equal to 10° atoms/cm. 

Further, in each of the source region 105a and the drain 
region 105c, the impurity is preferably contained at higher 
than or equal to 10' atoms/cm and lower than or equal to 
10' atoms/cm. This is because, if the impurity concentra 
tion is too high, movement of carriers is inhibited and con 
ductivity is lowered though the resistances of the source 
region 105a and the drain region 105c can be reduced by 
adding an impurity ion. 

Note that in the case where the source region 105a and the 
drain region 105c serve as the LDD regions, phosphorus or 
carbon is preferably used as the impurity because the resis 
tances thereof can be reduced more easily. 
As described above, by adding the impurity and perform 

ing the heat treatment, hydrogen can be attracted from the 
oxide semiconductor film 105 and trapped in the insulating 
film in the vicinity of the oxide semiconductor film, and at the 
same time, the resistances of the source region 105a and the 
drain region 105c in the oxide semiconductor film 105 can be 
reduced. Therefore, by adding the impurity to generate 
defects, the transistor characteristics and the productivity can 
be improved. 

Note that although FIG. 2C shows an example in which the 
gate electrode 109 is used as a mask, the present invention is 
not limited thereto. The impurity 110 may be added after 
another mask is formed using a photoresist or the like. 
By using the above-described materials and manufacturing 

method, the transistor 201 can be manufactured. 

Embodiment 2 

In this embodiment, structures of a semiconductor device 
according to one embodiment of the present invention, which 
are different from the structure in Embodiment 1, are 
described with reference to FIGS 3A to 3C and FIGS. 4A to 
4C. Differences from the semiconductor device in Embodi 
ment 1 are mainly described below. Refer to Embodiment 1 
for other parts. 
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A transistor 202 shown in FIG. 3A is obtained by adding a 

source electrode 111a and a drain electrode 111b to the tran 
sistor 201 shown in FIG. 1B. The source region 105a is 
electrically connected to the source electrode 111a. The drain 
region 105c is electrically connected to the drain electrode 
111b. 

In the transistor 202, the oxide semiconductor film 105 is 
provided over the source electrode 111a and the drain elec 
trode 111b. In this case, in the insulating film 103, the impu 
rity concentrations and the hydrogen concentrations in 
regions 103d overlapping with the source electrode 111a and 
the drain electrode 111b might be lower than those in the 
region 103a overlapping with at least the source region and 
the region 103c overlapping with at least the drain region. 
As in a transistor 203 shown in FIG. 3B, the source elec 

trode 111a and the drain electrode 111b may be provided over 
the oxide semiconductor film 105. In this case, in the oxide 
semiconductor film 105, the impurity concentrations in 
regions 105d overlapping with the source electrode 111a and 
the drain electrode 111b might be lower than the impurity 
concentrations in the source region 105a and the drain region 
105. 
As in a transistor 204 shown in FIG.3C, a conductive layer 

115 may be provided under the oxide semiconductor film 105 
with an insulating film 113 provided therebetween. The con 
ductive layer 115 can also be referred to as a back gate. 
The insulating film 113 can beformed using a material and 

a formation method which are similar to those of the insulat 
ing film 103. 
The conductive layer 115 can be formed using a material 

and a formation method which are similar to those of the gate 
electrode 109. The conductive layer 115 may be electrically 
insulated to be in a floating state, or may be in a state where a 
potential is Supplied from another element. In the latter case, 
a potential with the same level as that applied to the gate 
electrode 109 may be applied to the conductive layer 115, or 
a fixed potential Such as a ground potential may be applied to 
the conductive layer 115. The level of a potential applied to 
the conductive layer 115 is controlled, so that the threshold 
voltage of the transistor 201 can be controlled. Note that in the 
case of controlling the level of a potential to be applied to the 
conductive layer 115, metal oxide containing nitrogen is 
used, whereby the threshold voltage of the transistor 204 can 
be positive, and what is called a normally-off Switching ele 
ment can be obtained more easily. 
The stacking order of the components of the transistor may 

be changed as in a transistor 205 shown in FIG. 4A. The 
transistor 205 includes, over the substrate 101, the gate elec 
trode 109 and the oxide Semiconductor film 105. The oxide 
semiconductor film 105 overlaps with the gate electrode 109 
with the gate insulating film 107 provided therebetween. Fur 
ther, an insulating film 113a, an insulating film 113b, and an 
insulating film 113c may be included over the oxide semicon 
ductor film 105. 
The oxide semiconductor film 105 includes the source 

region 105a, the drain region 105c, and the channel formation 
region 105b sandwiched between the source region 105a and 
the drain region 105c. Further, the regions 105d overlapping 
with the insulating film 113a and the insulating film 113c may 
be included. 

In the case of using a structure including the oxide semi 
conductor film 105 over the gate electrode 109 as in the 
transistor 205, the insulating film 113b can inhibit damage 
due to etching or the like at the time of processing the source 
electrode 111a and the drain electrode 111b. 

Further, with the insulating film 113a and the insulating 
film 113c provided to cover the edge portion of the oxide 
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semiconductor film 105, the edge portion of the oxide semi 
conductor film 105 can be protected. Oxygen vacancies are 
easily generated in the edge portion of the oxide semiconduc 
tor film processed into an island-like shape. Therefore, by 
protecting the edge portion, increase in carrier density due to 5 
oxygen vacancies and occurrence of aparasitic channel due to 
the increase in carrier density can be prevented. Note that in 
the case of providing the insulating film 113a and the insu 
lating film 113c, in the oxide semiconductor film 105, the 
impurity concentrations in the regions 105d overlapping with 
the insulating film 113a and the insulating film 113c might be 
lower than the impurity concentrations in the source region 
105a and the drain region 105c. 

In the case where damage occurring in processing the 
source electrode 111a and the drain electrode 111b or a para 
sitic channel in the edge portion does not cause a problem, the 
insulating film 113a, the insulating film 113b, and the insu 
lating film 113c are not necessarily formed. 
As in a transistor 206 shown in FIG. 4B, the source elec- 20 

trode 111a and the drain electrode 111b may be provided 
under the oxide semiconductor film 105. 
As in a transistor 207 shown in FIG. 4C, the conductive 

layer 115 may be provided over the oxide semiconductor film 
105. 25 

The conductive layer 115 in the transistor 207 of FIG. 4C 
has an effect similar to that of the conductive layer 115 in the 
transistor 204 of FIG. 3C and may be referred to as a back 
gate. A material and a manufacturing method which are simi 
lar to those of the conductive layer 115 in the transistor 204 30 
can be used. The conductive layer 115 in FIG. 4C may be 
formed using the same conductive layer as the source elec 
trode 111a and the drain electrode 111b. 

This embodiment can be implemented in appropriate com 
bination with the structures described in the other embodi- 35 
mentS. 

10 
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Embodiment 3 

In this embodiment, examples of a semiconductor device 40 
which includes the semiconductor device described in any of 
Embodiments 1 and 2 and is capable of reducing power 
consumption are described with reference to FIGS. 5A and 
5B, FIGS. 6A and 6B, FIGS. 7A and 7B, and FIGS. 8A and 
8B. 45 
<Semiconductor Device 1 > 

First, an example of a semiconductor device including a 
memory cell 304 having a transistor 302 and a capacitor 303 
is described with reference to FIGS 5A and 5B. FIG. 5A is a 
cross-sectional view of the memory cell 304. FIG. 5B is a 50 
circuit diagram of the memory cell 304. 
The transistor 302 shown in FIGS. 5A and 5B can have a 

structure similar to that of the transistors 201 to 207 described 
in Embodiments 1 and 2. 
As shown in FIG. 5A, an electrode 305 is formed over a 55 

drain electrode of the transistor 302 with an insulating film 
provided therebetween; thus, the capacitor 303 is formed. 
That is, the drain electrode of the transistor 302 also serves as 
one electrode of the capacitor 303. For a material and a 
formation method of the electrode 305, the description of the 60 
gate electrode 109 can be referred to. 
As shown in FIG. 5B, the memory cell 304 includes the 

transistor 302 and the capacitor 303. A gate electrode of the 
transistor 302 is electrically connected to a word line, and a 
source electrode of the transistor 302 is electrically connected 65 
to a bit line. The other electrode of the capacitor 303 is 
electrically connected to a capacitor line CL. 

20 
The memory cell 304 can be used as an element of a 

dynamic random access memory (DRAM) by accumulating 
charge in the drain electrode of the transistor 302 and the one 
electrode of the capacitor 303. The transistor 302 is the tran 
sistor including an oxide semiconductor which is described in 
any of Embodiments 1 and 2, and the off-state current of the 
transistor 302 is significantly small. Therefore, charge can be 
held for a long time. In other words, the frequency of refresh 
operation can be extremely lowered, which leads to a suffi 
cient reduction in power consumption. 

FIG. 6A illustrates an example of a semiconductor device 
including a plurality of memory cells 304. The semiconductor 
device shown in FIG. 6A includes n bit lines BL, m word lines 
WL, a memory cell array having the memory cells 304 
arranged in a matrix of m (rows)xin (columns), a capacitor line 
CL connected to each memory cell 304, a first driver circuit 
310 connected to then bit lines BL, and a second driver circuit 
311 connected to them word lines WL. 

Writing and holding of data in the semiconductor device 
(e.g., a memory cell 304(1,1)) shown in FIG. 6A are described 
below. 

First, the capacitor line CL is set at a ground potential, and 
the potential of the word line WL is set to a potential at which 
the transistor 302 is on, so that the transistor 302 is turned on. 
Accordingly, the potential of the bit line BL is supplied to the 
one electrode of the capacitor 303 (writing). After that, the 
potential of the word line WL is set to a potential at which the 
transistor 302 is off, so that the transistor 302 is turned off. 
Thus, the potential of the one electrode of the capacitor 303 is 
held (holding). 

Secondly, reading of data is described. The bit line BL is 
precharged to Vo and then brought into a floating state, and 
the transistor 302 is turned on, whereby the bit line BL and the 
capacitor 303 are electrically connected to each other, and the 
charge is redistributed between the bit line BL and the capaci 
tor 303. As a result, the potential of the bit line BL is changed. 
The amount of change in potential of the bit line BL varies 
depending on the potential of the one electrode of the capaci 
tor 303 (or the charge accumulated in the capacitor 303). 

For example, the potential of the bit line BL after charge 
redistribution is (CXV-CxV)/(C+C), where V is the 
potential of the one electrode of the capacitor 303, C is the 
capacitance of the capacitor 303, C is the capacitance of the 
bit line BL (hereinafter also referred to as bit line capaci 
tance), and Vo is the potential of the bit line BL before the 
charge redistribution. Therefore, it can be found that assum 
ing that the memory cell 304 is in either of two states in which 
the potentials of the one electrode of the capacitor 303 are V 
and Vo (VDV), the potential of the bit line BL in the case of 
holding the potential V ( (CxVo-CXV)/(C+C)) is 
higher than the potential of the bit line BL in the case of 
holding the potential Vo ((C)xVo-CxVo)/(C+C)). 

Then, by comparing the potential of the bit line BL with a 
predetermined potential, data can be read. 
The semiconductor device shown in FIG. 6A can hold 

charge that is accumulated in the capacitor 303 for a longtime 
because the off-state current of the transistor 302 is signifi 
cantly small. In other words, power consumption can be 
adequately reduced because refresh operation becomes 
unnecessary or the frequency of refresh operation can be 
extremely lowered. 

Next, the semiconductor device shown in FIG. 6B will be 
described. 
The semiconductor device shown in FIG. 6B includes 

memory cell arrays 320a and 320b including a plurality of 
memory cells 304 shown in FIG. 6A as memory circuits in an 
upper portion, and a peripheral circuit 331 in a lower portion 
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which is necessary for operating memory cell array 330 
(memory cell arrays 320a and 320b). Note that the peripheral 
circuit 331 is electrically connected to the memory cell arrays 
320a and 320b. 
The transistor 302 and the capacitor 303 in the memory cell 

304 can be formed using thin films; therefore, the memory 
cell array 330 can be formed by stacking the memory cell 
arrays 320a and 320b as shown in FIG. 6B. 

With the structure shown in FIG. 6B, the peripheral circuit 
331 and the memory cell array 330 (the memory cell arrays 
320a and 320b) can be provided to overlap with each other. 
Accordingly, the size of the semiconductor device can be 
reduced. 

It is preferable that a semiconductor material of a transistor 
provided in the peripheral circuit 331 be different from that of 
the transistor 302. For example, silicon, germanium, silicon 
germanium, silicon carbide, gallium arsenide, or the like can 
be used, and a single crystal semiconductor is preferably 
used. Alternatively, an organic semiconductor material or the 
like may be used. A transistor including Sucha semiconductor 
material can operate at Sufficiently high speed. Therefore, a 
variety of circuits (e.g., a logic circuit or a driver circuit) 
which needs to operate at high speed can be favorably realized 
by the transistor. 

Note that FIG. 6B illustrates, as an example, the semicon 
ductor device in which the two memory cell arrays (memory 
cell arrays 320a and 320b) are stacked; however, the number 
of memory cell arrays to be stacked is not limited thereto. 
Three or more memory cell arrays may be stacked. 
<Semiconductor Device 2D 

Next, an example of a semiconductor device which is dif 
ferent from that shown in FIGS.5A and SB is described with 
reference to FIGS. 7A and 7B. FIG. 7A is a cross-sectional 
view of the semiconductor device, and FIG. 7B is a circuit 
diagram of the semiconductor device. 
The Semiconductor device illustrated in FIGS. 7A and 7B 

includes a transistor 401 including a first semiconductor 
material in a lower portion, and a transistor 402 including a 
second semiconductor material and a capacitor 403 in an 
upper portion. As the transistor 402, any of the transistors 201 
to 207 described in Embodiment 1 and Embodiment 2 can be 
used. 

Here, the first semiconductor material and the second semi 
conductor material are preferably materials having different 
band gaps. For example, the first semiconductor material may 
be a semiconductor material other than an oxide semiconduc 
tor (e.g., silicon) and the second semiconductor material may 
be an oxide semiconductor. A transistor including a material 
other than an oxide semiconductor can operate at high speed 
easily. Further, in the transistor including an oxide semicon 
ductor which is described in Embodiment 1 or Embodiment 
2, the off-state current can be significantly small. Therefore, 
charge can be held for a long time in a node (e.g., FG in FIG. 
7B) to which the source electrode or the drain electrode of the 
transistor including an oxide semiconductor is connected. 

Hence, the semiconductor device shown in FIGS. 7A and 
7B can be used as a memory element by holding charge in a 
node to which the source electrode or the drain electrode of 
the transistor including an oxide semiconductor is connected. 

Note that the transistor including the first semiconductor 
material may be eitheran n-channel transistor or a p-channel 
transistor. Further, except for the use of the transistor 
described in any of Embodiments 1 and 2 including an oxide 
semiconductor for holding data, it is not necessary to specifi 
cally limit the constitution of the semiconductor device, such 
as a material of the semiconductor device or a structure of the 
semiconductor device, to the structure described here. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
The transistor 401 in FIG. 7A includes a channel formation 

region provided in a substrate 101 including the first semi 
conductor material (single crystal silicon in FIGS. 7A and 
7B), a source region 413a and a drain region 413b provided 
Such that the channel formation region is sandwiched ther 
ebetween, a gate insulating film provided over the channel 
formation region, and a gate electrode 417a provided over the 
gate insulating film. 

Further, an element isolation insulating layer 411 is formed 
on the substrate 101 to surround the transistor 401, and an 
insulating layer 415 is provided to cover the transistor 401. 
One of a source electrode and a drain electrode of the 

transistor 402 is electrically connected to the gate electrode 
417a of the transistor 401. The other of the source electrode 
and the drain electrode of the transistor 402 is electrically 
connected to the drain region 413.b of the transistor 401 via 
the electrode 417b. 
An electrode 405, the source electrode of the transistor 

402, and a gate insulating layer form the capacitor 403. That 
is, the electrode 405 serves as one electrode of the capacitor 
403, and the source electrode of the transistor 402 serves as 
the other electrode of the capacitor 403. Note that in the case 
where a capacitor is not needed, the capacitor 403 may be 
omitted. Further, the capacitor 403 may be separately pro 
vided above the transistor 402. 

In FIG. 7A, the transistor 402 and the capacitor 403 are 
provided to overlap with at least a part of the transistor 402. 
For example, the electrode 405 of the capacitor 403 is pro 
vided to overlap with at least a part of the gate electrode of the 
transistor 401. With such a planar layout, the area occupied by 
the semiconductor device can be reduced; thus, higher inte 
gration can be achieved. 
An example of a circuit configuration corresponding to 

FIG. 7A is illustrated in FIG. 7B. 
As shown in FIG. 7B, a first wiring (1st Line) is electrically 

connected to the source region of the transistor 401. A second 
wiring (2nd Line) is electrically connected to the drain region 
of the transistor 401 and the drain electrode of the transistor 
402. A third wiring (3rd Line) is electrically connected to a 
gate electrode of the transistor 402. A fourth wiring (4th Line) 
is electrically connected to the one electrode of the capacitor 
403. The gate electrode of the transistor 401 and the source 
electrode of the transistor 402 are electrically connected to 
the other electrode of the capacitor 403. 

Note that in FIGS. 7A and 7B, the drain region 413.b of the 
transistor 401 and the drain electrode of the transistor 402 are 
electrically connected to each other, but the present invention 
is not limited thereto. The drain region 413.b of the transistor 
401 and the drain electrode of the transistor 402 may be 
connected to different wirings. 
The semiconductor device in FIG. 7B utilizes a character 

istic in which the potential of the gate electrode of the tran 
sistor 401 (FG in FIG. 7B) can be held, and thus enables data 
writing, holding, and reading as follows. 

Writing and holding of data is described. First, the poten 
tial of the third wiring is set to a potential at which the 
transistor 402 is on, so that the transistor 402 is turned on. 
Accordingly, the potential of the second wiring is Supplied to 
the gate electrode of the transistor 401 and to the other elec 
trode (FG) of the capacitor 403. In other words, a predeter 
mined charge is Supplied to the gate electrode of the transistor 
401 (i.e., writing of data). Here, charge for Supply of a poten 
tial level or charge for supply of a different potential level 
(hereinafter referred to as Low level charge and High level 
charge) is given. After that, the potential of the third wiring is 
set to a potential at which the transistor 402 is off, so that the 
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transistor 402 is turned off. Thus, the charge supplied to the 
gate electrode of the transistor 401 is held (holding). 

Since the off-state current of the transistor 402 is signifi 
cantly small, the charge of the gate electrode of the transistor 
401 is held for a long time. 

Next, reading of data is described. By Supplying an appro 
priate potential (reading potential) to the fourth wiring with a 
predetermined potential (constant potential) Supplied to the 
first wiring, the potential of the second wiring varies depend 
ing on the amount of charge held in the gate electrode of the 
transistor 401. This is because in general, when the transistor 
401 is a p-channel transistor, an apparent threshold Voltage 
V, in the case where High-level charge is supplied to the 
gate electrode of the transistor 401 is lower than an apparent 
threshold Voltage V, in the case where Low-level charge is 
supplied to the gate electrode of the transistor 401. Here, the 
apparent threshold voltage refers to the potential of the fourth 
wiring, which is needed to turn on the transistor 401. Thus, the 
potential of the fourth wiring is set to a potential V that is 
between V, and V, , whereby charge applied to the gate 
electrode of the transistor 401 can be determined. For 
example, in the case where a High-level charge is given in 
writing, when the potential of the fourth wiring is set to V 
(<V, ), the transistor 401 is turned off. In the case where a 
Low-level charge is given in writing, the potential of the 
fourth wiring is set to Vo (>V, ), so that the transistor 401 
is turned on. Therefore, the stored data can be read by the 
potential of the second wiring. 

Note that in the case where memory cells are arrayed to be 
used, only data of desired memory cells needs to be read. In 
the case where Such reading is not performed, a potential at 
which the transistor 401 is turned off regardless of the state of 
the gate electrode thereof, that is, a potential higher than V, 
may be given to the fourth wiring. Alternatively, a potential at 
which the transistor 401 is turned on regardless of the state of 
the gate electrode thereof, that is, a potentiallower than V, 
may be given to the capacitor line CL. 
The transistor 401 including single crystal silicon can oper 

ate at high speed. Thus, when the transistor is used as a 
reading transistor, data can be read at a high speed. The 
transistor 402 is the transistor including an oxide semicon 
ductor which is described in any of Embodiments 1 and 2, and 
the off-state current of the transistor 402 is significantly 
small. Therefore, charge can be held for a long time. In other 
words, power consumption can be sufficiently reduced 
because a semiconductor memory device in which refresh 
operation is unnecessary or the frequency of refresh operation 
is extremely low can be provided. 

In FIGS. 7A and 7B, an example of using a metal-oxide 
semiconductor (MOS) transistor in the lower portion is illus 
trated; however, the present invention is not limited thereto. A 
metal-semiconductor (MES) transistor may be used in the 
lower portion. 
A semiconductor device shown in FIGS. 8A and 8B is an 

example of using a MES transistor 501 in a lower portion. In 
this case, as a first semiconductor material used for the lower 
transistor, a compound semiconductor Such as gallium ars 
enide, indium phosphide, or silicon carbide is preferable. 
The semiconductor device shown in FIGS. 8A and 8B 

includes the MES transistor 501 in the lower portion and the 
transistor 402 including a second semiconductor material and 
the capacitor 403 in the upper portion. FIG. 8A is a cross 
sectional view of the semiconductor device, and FIG. 8B is a 
circuit diagram of the semiconductor device. 
The transistor 501 includes a semiconductor layer 513, a 

source electrode 515a, a gate electrode 515b, and a drain 
electrode 515c over the Substrate 101. 
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In this manner, a semiconductor device having both a 

peripheral circuit using a transistor including a material other 
than an oxide semiconductor (in other words, a transistor 
capable of operating at Sufficiently high speed) and a memory 
device using a transistor including an oxide semiconductor 
(in a broader sense, a transistor whose off-state current is 
sufficiently small) can be achieved. 

This embodiment can be implemented in appropriate com 
bination with the structures described in the other embodi 
mentS. 

Embodiment 4 

In this embodiment, examples of a logic circuit including 
the semiconductor device described in any of Embodiments 1 
and 2 is described with reference to FIGS. 9A1, 9A2, 9B, 
9C1,9C2, and 9D. 
A logic circuit can be formed using the semiconductor 

device described in any of Embodiments 1 and 2, e.g., the 
transistor 204 including an oxide semiconductor and having a 
back gate, which is shown in FIG.3C. 
As for an input signal A, an input signal B, and an output 

signal X, “0” corresponds to a low potential and “1” corre 
sponds to a high potential. A back-gate potential Vbg is set to 
a ground potential, for example. In FIGS.9A1,9A2.9B,9C1, 
9C2, and 9D, an input terminal and an output terminal of each 
signal and each potential are denoted by the same symbols as 
each signal and each potential. 
At this time, a circuit shown in FIG. 9A1 can serve as an 

OR circuit, a circuit shown in FIG. 9A2 can serve as a NOR 
circuit, a circuit shown in FIG. 9C1 can serve as an AND 
circuit, and a circuit shown in FIG.9C2 can serve as a NAND 
circuit. 
FIG.9B is a cross-sectional view of a transistor which can 

be used for the circuit diagrams of FIGS.9A1 and 9A2. FIG. 
9D is a cross-sectional view of a transistor which can be used 
for the circuit diagrams of FIGS. 9C1 and 9C2. 

This embodiment can be implemented in appropriate com 
bination with the structures described in the other embodi 
mentS. 

Example 1 

In this example, crystallinity of a region of an oxide semi 
conductor film to which an impurity was not added and crys 
tallinity of a region of the oxide semiconductor film to which 
an impurity was added were compared with the use of a 
transmission electron microscope (TEM). 
<Formation Conditions of Sample> 

First, the formation conditions of a sample are described. 
A silicon Substrate having 5 inches on each side was used 

as a Substrate. 
A 300 nm thick silicon oxynitride film was formed as a 

base insulating film over the Substrate. The base insulating 
film was formed by a CVD method. 
An oxide semiconductor film was formed to a thickness of 

30 nm over the base insulating film. The oxide semiconductor 
film was formed by a sputtering method under the following 
conditions: a target where In: Ga:Zn=1:1:1 (atomic ratio) was 
used; the pressure was 0.4 Pa; the power was 0.5 kW; the flow 
rate was Ar:O-2: 1 (volume ratio); and the substrate tempera 
ture was 400° C. 

Heat treatment was performed on the substrate provided 
with the oxide semiconductor film. The heat treatment was 
performed under an Natmosphere at 450° C. for 1 hour. 

Nitrogen or argon was added as an impurity to the Substrate 
Subjected to the heat treatment. An ion implantation method 
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was used for adding the impurity. In the case of nitrogen, the 
amount of added nitrogen was 5.0x10" ions/cm, and the 
Voltage was set to 10 kV. In the case of argon, the amount of 
added argon was 10x10' ions/cm, and the voltage was set 
to 25 kV. 
An impurity profile in the oxide semiconductor film to 

which the impurity was added under the above-described 
conditions was calculated. 
The calculation was performed using TRIM-98 under the 

following conditions. 
The number of ions 

99999 
Injection layer 

Composition of In: Ga:ZnO=1:1:1:4 (atomic ratio), density 
of 6.2 g/cm 

Impurity to be injected, and acceleration Voltage and dos 
age thereof 
''N: voltage of 10 kV, 5.0x10" ions/cm 
''N: voltage of 10 kV, 1.0x10" ions/cm 
'Ar: voltage of 25 kV, 1.0x10" ions/cm 
'Ar: voltage of 25 kV, 1.0x10" ions/cm 

FIG. 10A shows the calculation result of the case where 
nitrogen was added as the impurity, and FIG. 10B shows the 
calculation result of the case where argon was added as the 
impurity. 
<Comparison of Crystallinity 
As for the sample thus formed, crystallinity of a region to 

which the impurity was not added and crystallinity of a region 
to which the impurity was added were observed by a TEM. 
The observation was performed using H-9000NAR at an 
acceleration voltage of 300 kV and a magnification of 4,000, 
000 times. 

FIG. 11 is a cross-sectional TEM image of a region of the 
oxide semiconductor film to which the impurity was not 
added. FIG. 12 is a cross-sectional TEM image of a region of 
the oxide semiconductor film to which nitrogen was added as 
the impurity. FIG. 13 is a cross-sectional TEM image of a 
region of the oxide semiconductor film to which argon was 
added as the impurity. 

It is revealed that, in FIG. 11 showing the region to which 
the impurity was not added, the oxide semiconductor film is a 
CAAC-OS film. 

In contrast, in each of FIGS. 12 and 13 showing the region 
to which the impurity was added, crystallinity was not 
observed in the oxide semiconductor film, and the oxide 
semiconductor film was amorphous. 
The above shows that crystallinity of the oxide semicon 

ductor film is lowered by adding the impurity. 
From this example, it is suggested that a transistorin which 

a source region 105a and a drain region 105c have crystallin 
ity lower than that of a channel formation region 105b can be 
manufactured when the source region 105a and the drain 
region 105careformed using the region to which the impurity 
was added and the channel formation region 105b is formed 
using the region to which the impurity was not added. 

Example 2 

In this example, an impurity was added to a part of an oxide 
semiconductor film, whereby a region to which the impurity 
was not added and a region to which the impurity was added 
were formed to be adjacent to each other, and the hydrogen 
concentrations in the regions were measured by three-dimen 
sional secondary ion mass spectrometry (3D-SIMS). 
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<Formation Conditions of Sample> 

First, the formation conditions of a sample are described. 
A silicon Substrate having 5 inches on each side was used 

as a Substrate. 
A 100 nm thick silicon oxide film was formed as a base 

insulating film over the substrate. The silicon oxide film was 
formed by oxidizing silicon of the substrate by heating. 
An oxide semiconductor film was formed to a thickness of 

300 nm over the base insulating film. The oxide semiconduc 
tor film was formed by a sputtering method under the follow 
ing conditions: a target where In: Ga:Zn 1:1:1 (atomic ratio) 
was used; the pressure was 0.5 Pa.; the power was 0.5 kW; the 
flow rate was Ar:O=2:1 (volume ratio); and the substrate 
temperature was 400° C. 

Next, the oxide semiconductor film was processed into an 
island-like shape by etching. 

In the oxide semiconductor film processed into the island 
like shape, a region to which an impurity was not to be added 
was protected by being coated with a photoresist. 

Next, an impurity was added to the oxide semiconductor 
film which was partly protected with the photoresist. As the 
impurity, nitrogen was added by an ion implantation method 
at an acceleration voltage of 100 kV and a dosage of 2.0x 
10/cm2. 

After the impurity was added, the photoresist was removed 
by Oashing. 
An insulating film was formed over the oxide semiconduc 

tor film from which the photoresist was removed. A 100 nm 
thick silicon nitride film was used as the insulating film. 

After the insulating film was formed, heat treatment was 
performed. The heat treatment was performed under a nitro 
gen atmosphere at 450° C. for 1 hour. 
<Comparison of Hydrogen Concentration> 
As for the sample thus formed, hydrogen concentration in 

the vicinity of the boundary between the region to which the 
impurity was not added and the region to which the impurity 
was added was measured by 3D-SIMS. A solidline in FIG. 14 
represents a hydrogen line profile of the sample. A dashed line 
in FIG. 14 represents, as a reference, a hydrogen line profile 
of a sample to which the impurity was not added. 
The measurement was performed using CAMECA IMS 

7f, with Cs" as primary ions, a primary acceleration voltage of 
15.0 kV, and a measurement region of 30 umx30 um. Values 
of the line profiles are obtained by integration in the depth 
direction and averaging with respect to Volume. 
The above shows that the hydrogen concentration in the 

region to which the impurity was added is higher than the 
hydrogen concentration in the region to which the impurity 
was not added. 
From this example, it is suggested that a transistor having 

a source region 105a and a drain region 105c each including 
a high proportion of hydrogen can be manufactured in the 
case where the source region 105a and the drain region 105c 
are formed using the region to which an impurity ion was 
added and a channel formation region 105b is formed using 
the region to which the impurity ion was not added. 

Example 3 

In this example, insulating films were formed on a lower 
Surface and an upper Surface of an oxide semiconductor film, 
and in the insulating films, a region to which an impurity was 
not added and a region to which an impurity was added were 
formed. Then, the hydrogen concentrations in these regions 
were measured by secondary ion mass spectrometry (SIMS). 
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<Formation Conditions of Sample> 
First, the formation conditions of a sample are described 
A silicon Substrate having 5 inches on each side was used 

as a Substrate. 
A 100 nm thick silicon oxide film was formed as a base 

insulating film over the substrate. The silicon oxide film was 
formed by oxidizing silicon of the substrate by heating. 
An oxide semiconductor film was formed to a thickness of 

100 nm over the base insulating film. The oxide semiconduc 
tor film was formed by a sputtering method under the follow 
ing conditions: a target where In:Gia:Zn=1:1:1 (atomic ratio) 
was used; the pressure was 0.4 Pa; the power was 0.2 kW; the 
flow rate was Ar:O2:1 (volume ratio); and the substrate 
temperature was 400° C. 

Next, the oxide semiconductor film was processed into an 
island-like shape by etching. 

In the oxide semiconductor film processed into the island 
like shape, a region to which an impurity was not to be added 
was protected by being coated with a photoresist. 

Next, an impurity was added to the oxide semiconductor 
film which was partly protected with the photoresist. As the 
impurity, nitrogen or argon was added by an ion implantation 
method. In the case of adding nitrogen, the acceleration Volt 
age was 35 kV and the dosage was 5.0x10'/cm. In the case 
of adding argon, the acceleration Voltage was 100 kV and the 
dosage was 1.0x10"/cm. 

After the impurity was added, the photoresist was removed 
by Oashing. 
An insulating film was formed over the oxide semiconduc 

tor film from which the photoresist was removed. As the 
insulating film, 100-nm-thick aluminum oxide was used. The 
aluminum oxide was formed by a sputtering method under the 
following conditions: the flow rate was Ar:O=1:1 (volume 
ratio); the pressure was 0.4 Pa; the power was 2.5 kW; and the 
substrate temperature was 250° C. 

After the insulating film was formed, heat treatment was 
performed. The heat treatment was performed under a nitro 
gen atmosphere at 450° C. or 650° C. for 1 hour. 
<Comparison of Hydrogen Concentration> 
As for the sample thus formed, hydrogen concentration in 

the vicinity of the boundary between the region to which the 
impurity was not added and the region to which the impurity 
was added was measured by 3D-SIMS. The measurement 
was performed using CAMECA IMS-7f, with Cs" as primary 
ions, a primary acceleration Voltage of 15.0 kV, and a mea 
Surement region of 30 Jumx30 Jum. 

Hydrogen profiles are shown in FIGS. 15A to 15C and 
FIGS. 16A to 16C. In these figures, a dashed line represents a 
hydrogen profile of the region to which the impurity was not 
added, and a solid line represents a hydrogen profile of the 
region to which the impurity was added. 

FIGS. 15A to 15C show hydrogen profiles of samples to 
which nitrogen was added as the impurity. FIG. 15A shows 
hydrogen profiles of a sample which was subjected to the 
addition of nitrogen and was not subjected to heat treatment, 
as a reference. FIG.15B shows hydrogen profiles of a sample 
which was subjected to the addition of nitrogen and then 
heated at 450° C. FIG. 15C shows hydrogen profiles of a 
sample which was Subjected to the addition of nitrogen and 
then heated at 650° C. 

FIGS. 16A to 16C show hydrogen profiles of samples to 
which argon was added as the impurity. FIG. 16A shows 
hydrogen profiles of a sample which was subjected to the 
addition of argon and was not subjected to heat treatment, as 
a reference. FIG. 16B shows hydrogen profiles of a sample 
which was subjected to the addition of argon and then heated 
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at 450° C. FIG. 16C shows hydrogen profiles of a sample 
which was subjected to the addition of argon and then heated 
at 650° C. 

It is revealed from FIGS. 15A to 15C and FIGS. 16A to 16C 
that, by performing heat treatment at 450° C. or 650° C. on the 
region to which the impurity was added, the hydrogen con 
centration in the oxide semiconductor film is decreased and 
the hydrogen concentration in the insulating film in contact 
with the oxide semiconductor film is increased. 

Thus, it is suggested that hydrogen in the oxide semicon 
ductor film can be attracted to and trapped in the insulating 
film which was in contact with the oxide semiconductor film 
and to which an impurity was added to generate a defect. 

It is suggested from Examples 1 to 3 that, by generating a 
defect in an insulating film in contact with a source region and 
a drain region of an oxide semiconductor film in a transistor 
including an oxide semiconductor by adding an impurity or 
the like, hydrogen can be attracted from the oxide semicon 
ductor and trapped. Thus, it is suggested that a transistor with 
stable threshold voltage and improved reliability which 
includes an oxide semiconductor can be provided. 

Example 4 

Evaluation of Optical Properties of Oxide 
Semiconductor Film 

In this example, the evaluation of the optical properties of 
an oxide semiconductor film (also referred to as an OS film, 
an IGZO film, or an In Ga—Zn—O film) is described. Note 
that in this and subsequent examples, the oxide semiconduc 
tor film was deposited by a sputtering method and a target 
having a composition of In: Ga:Zn 1:1:1 was used. 
<Photoresponse Characteristics of Oxide Semiconductor 
Films 

There are some reports on the photoresponse in an oxide 
semiconductor film. It is already revealed that after starting 
light irradiation and then stopping the light irradiation, an 
oxide semiconductor film shows very slow photoresponse in 
which current does not relax rapidly and a current value is 
lowered gradually (Non-patent Document 1: D. H. Lee et al., 
Electrochemical and Solid State letters, 13 (2010) H324 
H327). Regarding this slow relaxation phenomenon, there is 
a report in which the relaxation of photocurrent may be inhib 
ited by a trap level existing at a deep level of an oxide semi 
conductor film (Non-patent Document 2: T. Inoue et al., Proc. 
AM-FPD 10 Digest, 33 (2010): Non-patent Document 3: K. 
Graffarzadah et al., APPLIED PHYSICS LETTERS 97 
143510 (2010)). 

FIG. 17 shows the results of measuring photocurrent of an 
oxide semiconductor film. The size of a measurement sample 
was L/W=30/100000 um. A gate electrode was provided as 
in a thin film transistor. The measurement voltage was Vd=0.1 
V. As a light source, light emitted from a Xenon lamp was 
dispersed with a filter, so that irradiation was performed with 
light having a wavelength of 400 nm at an irradiation inten 
sity of 3.5 mW/cm). B1500 manufactured by Agilent Tech 
nologies Inc. was used for the measurement. As the sequence 
of the measurement, light irradiation was performed for 600 
seconds after 60 seconds have elapsed from the measurement 
start. After another 600 seconds have elapsed, a voltage of 
-20 V was applied to the gate electrode for 1 second. Lastly, 
after another 300 seconds have elapsed, a voltage of +20 V 
was applied to the gate electrode for 1 second. Current flow 
ing in a drain electrode was continuously measured for 1800 
seconds in total. 
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The measurement results in FIG. 17 show that, although 
relaxation of the photocurrent of the oxide semiconductor 
film is hardly observed at the time of applying a negative bias 
to the gate electrode, the current value drastically decreases 
by applying a positive bias. This suggests that trapped charge 5 
is released by the positive bias while charge remains trapped 
by the negative bias. 
<Evaluation of Defect Level in Oxide Semiconductor Film 

From the above-described results of measuring photore 
sponse, it is suggested that a defect level exists in a band gap 
of the oxide semiconductor film. The defect level was evalu 
ated by photo luminescence (PL) and a constant photo-cur 
rent method (CPM) which are known as techniques for evalu 
ating a level in a gap in amorphous silicon or the like. PL 
measurement was performed using a PL measurement appa 
ratus manufactured by HORIBA, Ltd. (LabRAM HR-PL), 15 
with an excitation wavelength of 325 nm and a measure 
ment temperature of 10 K. CPM measurement was per 
formed using an apparatus adapted to a wide band-gap mate 
rial. The apparatus manufactured with the cooperation of 
BUNKOUKEIKI Co., Ltd. was used. By the PL measure 
ment, light emission due to a defect level can be observed. By 
the CPM measurement, light absorption due to a defect level 
can be observed. 

FIG. 18 shows peaks which are obtained by the PL mea 
surement and the CPM measurement and are probably due to 
defect levels in a gap. Although the positions of the peaks are 
slightly different from each other, the widths of spectra 
thereof are almost the same; each peak has a width ranging 
from 1.5 eV to 2.3 eV. The peaks attributable to defect levels 
of oxygen vacancies are observed. 
<Reduction in Defect Level by CAAC-OS Filmd 

Next, by CPM measurement, defect levels in a CAAC-OS 
film (also referred to as a CAAC-IGZO film) and an inc-OS 
film (also referred to as an inc-IGZO film or an inc-oxide 
semiconductor film) were compared to each other. The result 
thereof is described. 

FIG. 19 shows absorption spectra of defect levels obtained 
by CPM measurement. Table 1 shows comparison of absorp 
tion coefficients quantified from the measurement results by a 
formula (1) below. The results show that the absorption due to 
a defect level in a CAAC-IGZO is one or more digits smaller 
than that in an inc-IGZO. Suggesting that the number of 
defects in the CAAC-IGZO is smaller than that in the nc 
IGZO. 
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Example 5 

Model of Negative-Bias Stress Photodegradation 
65 

It is probable that, in an actual thin film transistor, not only 
defect levels in an oxide semiconductor film but also those in 

30 
a gate insulating film largely affect the characteristics of the 
thin film transistor. In general, a silicon oxide film or a silicon 
nitride film formed by a CVD method is used also in a thin 
film transistor including an oxide semiconductor film in a 
manner similar to that in a silicon device. The fundamental 
properties of an oxide semiconductor film were evaluated in 
Example 4. In this example, the following were considered: a 
defect level itselfin a gate insulating film; and aband diagram 
when the gate insulating film was in contact with an oxide 
semiconductor film. 
<Defect Level in Silicon Oxide> 

Defect levels in silicon oxide are discussed in the research 
on silica glass for an optical fiber. Well-known defect levels in 
silicon oxide are an E’ center and a nonbridging oxygen hole 
center (NBOHC) (Non-patent Document 4: S. Munekuni et 
al., J. Appl. Phys. 68 1212 (1990)). 

With a particular focus on the NBOHC, the level of 
NBOHC was calculated by first-principle calculation. 
NBOHC is generated by cutting a bond of hydrogen con 
tained in silicon oxide. The calculation was performed using 
CASTEP, a first-principle calculation program using density 
functional theory (Accelrys Software Inc.). The conditions 
were as follows: a plane-wave basis; an ultrasoft pseudopo 
tential; and a GGA-PBE functional. 

FIG. 20 shows DOS of silicon oxide obtained by the cal 
culation. The calculation results revealed that a defect level 
due to the above-described NBOHC is located at a deep level 
on the valence band side. 
<Band Diagram of Oxide Semiconductor Film and Silicon 
Oxide Films 

Table 2 shows values of a band gap and an ionization 
potential of an oxide semiconductor film which were mea 
sured by ellipsometry and ultraviolet photoelectron spectros 
copy (UPS). 

TABLE 2 

Band Gap Ionization Potential 

In—Ga Zn- O 3.1 eV 7.8 eV 

From the experimental values of the oxide semiconductor 
film and a calculation value and a literature value (Non-Patent 
Document 4: S. Munekuni et al., J. Appl. Phys. 68 1212 
(1990)) of silicon oxide, band diagrams of the oxide semi 
conductor film and the silicon oxide were roughly estimated. 
FIG. 21 shows the results. 
The oxygen vacancies (Vo) in the oxide semiconductor 

film obtained in Example 4 and the above-described defects 
in the silicon oxide are also shown in the diagram. Values of 
Ev and Ec in FIG. 21 are values of energy from a vacuum 
level. It is assumed that the Fermi level of each film is in the 
middle of the bandgap when the films are in contact with each 
other. Practically, an oxide semiconductor film is likely to 
become an n-type oxide semiconductor film; hence, it is 
probable that the Fermi level of the oxide semiconductor film 
is on the conduction band side. 
The defect levels of the oxide semiconductor film and the 

siliconoxide were estimated from the measurement results of 
a single film of the oxide semiconductor film and from the 
calculation results and the literature value of the siliconoxide. 
The thus estimated defect levels of the oxide semiconductor 
film and the silicon oxide are both in the deep positions of 
valence bands and the energy positions of the defect levels are 
very close to each other, as shown in the band diagram. 
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From the above-described measurement results and the 
band diagram based on the measurement results, the follow 
ing model can be considered with respect to negative-bias 
stress photodegradation. 
1. By light irradiation, electron-hole is generated in an oxide 
semiconductor film. 
2. The generated hole is trapped in a deep defect level in the 
oxide semiconductor film which is derived from an oxygen 
Vacancy. 
3. By application of a negative bias, the trapped hole is 
injected into a defect level in a silicon oxide film which is 
derived from hydrogen. 
4. The injected hole becomes a fixed charge having a positive 
charge in the silicon oxide film, thereby varying threshold 
Voltage of a thin film transistor. 

Example 6 

Improvement of Negative-Bias Stress 
Photodegradation 

Possible causes regarding the model for negative-bias 
stress photodegradation in Example 5 are as follows: 
1. Generation of holes by light irradiation 
2. Defect levels in an oxide semiconductor film 
3. Defect levels in a silicon oxide film 
It seems that the threshold value of a thin film transistor is 
varied due to these elements intertwined with each other. 

Thus, a CAAC-OS was used for the oxide semiconductor 
film, hydrogen in the silicon oxide film used as a gate insu 
lating film is reduced, and an NBOHC for forming a deep 
level on the valence band side is reduced, whereby negative 
bias stress photodegradation was successfully reduced. FIGS. 
22A and 22B show the comparison between the result of 
measuring reliability of a sample having a gate insulating film 
in which hydrogen was reduced and the result of measuring 
reliability of a sample having a gate insulating film in which 
hydrogen was not reduced. FIG.22A shows Id-Vg character 
istics of a sample having a gate insulating film in which 
hydrogen was not reduced. FIG.22B shows Id-Vg character 
istics of a sample having a gate insulating film in which 
hydrogen was reduced by heat treatment. 
As shown in FIG. 22B, in the sample having the gate 

insulating film in which hydrogen was reduced, the variation 
in threshold value is substantially zero under the following 
conditions: stress voltage VG=-30 V; stress temperature=80° 
C.; stress time=2000 sec; and illuminance=3000 lx with a 
white LED. 
<Further Improvement in Reliability 

In the above-described CPM measurement, further reduc 
tion of absorption derived from a defect level was success 
fully made using a CAAC-OS at the level of evaluation using 
a single film. FIGS. 23A and 23B show the results of CPM 
measurement of an OS film in which oxygen vacancies were 
further reduced. 
As in the results shown in FIGS. 23A and 23B, only 

absorption having a constant slope, which is called an urbach 
tail and due to a delocalized level, is observed in this oxide 
semiconductor film, and absorption due to a defect level 
which is slightly observed is 4.5x10 cm), which is very 
Small. 

In Such a sample in which defect levels in a band gap are 
greatly reduced, the negative-bias stress photodegradation 
can be reduced, and other characteristics including reliability 
can be improved. 
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<Highly Reliable AM-LCD Paneld 

FIG.24 is a photograph of a highly reliable AM-LCD panel 
using a backplane including a thin film transistor having the 
above-described CAAC-OS. 

Example 7 

In this example, a defect level in a band gap of an oxide 
semiconductor film to which an impurity was introduced to 
the oxide semiconductor film by an ion implantation method 
was examined by hard X-ray photoelectron spectroscopy 
(HX-PES). The results are described. 
The HX-PES was performed in a large synchrotron radia 

tion facility (SPring-8). The energy of hard X-ray in the 
analysis was 7.94 keV, and the measurement resolution was 
0.25 keV. Note that by normal photoelectron spectroscopy 
(PES), data of only a region ranging from a sample surface to 
a depth of about several nanometers is obtained, and thus, it is 
hard to obtain accurate data of the inside of the sample. In 
contrast, by the HX-PES, data of a region ranging from a 
sample surface to a depth of about several tens of nanometers 
can be detected. Thus, data of the inside of the sample can be 
obtained more accurately. 

Specifically, by irradiating a sample with a high-energy 
X-ray, electrons in the sample were released as photoelec 
trons and the number of released photoelectrons and kinetic 
energy thereof were measured, whereby data of the inside of 
the sample can be obtained. As an example, a defect level in 
the sample can be found. 
<Formation Conditions of Sample> 

First, the formation conditions of a sample are described. 
A silicon substrate having 5 inches on each side was used 

as a Substrate. 
An oxide semiconductor film (CAAC-OS) was formed to a 

thickness of 100 nm over the substrate. The oxide semicon 
ductor film was formed by a sputtering method under the 
following conditions: a target where In: Ga:Zn=1:1:1 (atomic 
ratio) was used; the pressure was 0.4 Pa; the power was 0.5 
kW; the flow rate was Ar:O=2:1 (volume ratio); and the 
substrate temperature was 300° C. 

Then, a sample A was obtained by introducing hydrogen 
(H) as an impurity element into a sample having the above 
described structure. A sample B was obtained by introducing 
argon (Ar) as an impurity element into a sample having the 
above-described structure. Another sample having the above 
described structure into which no impurity was added is 
referred to as a sample C. Note that hydrogen was introduced 
by anion implantation method at an acceleration Voltage of 5 
keV and a dosage of 1.0x10"/cm, and argon was introduced 
by anion implantation method at an acceleration Voltage of 5 
keV and a dosage of 10x10"/cm. 
<Results 

FIG. 25A shows the results of analyzing the samples A to C 
by the HX-PES. The horizontal axis in FIG. 25A indicates 
binding energy in a band gap, where energy at the lower end 
(Ec) of a conduction band is represented by 0. Obtained 
spectra are normalized with respect to the maximum value of 
the 2p orbit of an oxygenatom. A chart in which the range of 
binding energy from 0 eV to 4 eV is enlarged is shown in FIG. 
25A. 

FIG. 25A shows that, at around 2 eV to 3 eV, a signal from 
the sample A into which hydrogen was introduced and a 
signal from the sample B into which argon was introduced are 
increased as compared to a signal from the sample C into 
which no impurity was introduced. Since the band gap of the 
oxide semiconductor film is approximately 3.15 eV, signals 
detected at around 2 eV to 3 eV can be considered as orbits in 



US 9,035,305 B2 
33 

the band gap, i.e., defect levels in the oxide semiconductor 
film. From this result, it is likely that defect levels at around 2 
eV to 3 eV in the sample A and the sample B are increased by 
the introduction of the impurity using an ion implantation 
method. 
On the other hand, at around 0.2 eV to 0.5 eV (in a region 

909), a signal from the sample A is increased as compared to 
a signal from the sample C, but a signal from the sample B is 
almost the same as the signal from the sample C. This shows 
that shallow defect levels in the vicinity of Ec are much 
formed in the sample A. 

In order to clarify the cause of the shallow levels, SIMS 
analysis was performed on samples formed under the same 
conditions as the samples used for the HX-PES analysis to 
examine hydrogen concentration profiles in the depth direc 
tion of the oxide semiconductor films. FIG. 25B shows the 
results of analyzing the samples A to C by the SIMS. The 
horizontal axis in FIG.25B indicates the depth from a sample 
Surface, and the depth at 0 nm corresponds to a surface of the 
oxide semiconductor film. Hence, the depth from 0 nm to 100 
nm corresponds to the oxide semiconductor film. 

FIG. 25B shows that hydrogen exists at a concentration of 
approximately 1.0x10' atoms/cm in the entire area of the 
oxide semiconductor film in the sample A. Since the hydro 
gen concentration profiles for the samples B and C almost 
coincide with each other, it is revealed that hydrogen was not 
introduced into the oxide semiconductor film when argon was 
introduced. 

From FIGS. 25A and 25B, it is estimated that the signal 
detected by the HX-PES at around 2 eV to 3 eV from Ec is 
caused by an oxygen vacancy due to damage at the time of the 
ion implantation and that the density of defect states thereof is 
determined depending on the degree of the damage. 

Further, as for the samples B and C, although hydrogen is 
contained at approximately 5x10" atoms/cm, the increased 
amount of the signal in the region 909 is small as compared to 
the sample A. In the region 909, the intensity of the signal 
detected from the sample A is higher than that from the 
sample B and the sample C. Thus, it is likely that an energy 
level at around 0.2 eV to 0.5 eV from Ec is caused by bonding 
of hydrogen to an oxygen vacancy portion generated in the 
oxide semiconductor film. 

This application is based on Japanese Patent Application 
serial no. 2012-104858 filed with Japan Patent Office on May 
1, 2012, Japanese Patent Application serial no. 2012-263065 
filed with Japan Patent Office on Nov. 30, 2012, Japanese 
Patent Application serial no. 2013-023631 filed with Japan 
Patent Office on Feb. 8, 2013, and Japanese Patent Applica 
tion serial no. 2013-051611 filed with Japan Patent Office on 
Mar. 14, 2013, the entire contents of which are hereby incor 
porated by reference. 
What is claimed is: 
1. A semiconductor device comprising: 
an insulating film; 
an oxide semiconductor film over the insulating film; 
a gate insulating film over the oxide semiconductor film; 

and 
a gate electrode overlapping with the oxide semiconductor 

film over the gate insulating film, 
wherein the insulating film and the oxide semiconductor 

film comprises hydrogen, and 
wherein a peak of a concentration profile of hydrogen is 

located in the insulating film. 
2. The semiconductor device according to claim 1, wherein 

the oxide semiconductor film comprises a crystal. 
3. The semiconductor device according to claim 2, wherein 

a c-axis of the crystal is aligned in a direction parallel to a 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

34 
normal vector of a surface where the oxide semiconductor 
film is formed or a normal vector of a surface of the oxide 
semiconductor film. 

4. The semiconductor device according to claim 2, wherein 
the crystal is a microcrystal. 

5. The semiconductor device according to claim 1, further 
comprising: 

a source electrode and a drain electrode which are electri 
cally connected to the oxide semiconductor film, 

wherein the source electrode and the drain electrode is 
provided between the insulating film and the oxide semi 
conductor film. 

6. The semiconductor device according to claim 1, further 
comprising: 

a source electrode and a drain electrode which are electri 
cally connected to the oxide semiconductor film, 

wherein the source electrode and the drain electrode is 
provided between the oxide semiconductor film and the 
gate insulating film. 

7. The semiconductor device according to claim 1, further 
comprising: 

a source electrode and a drain electrode over the gate insu 
lating film, 

wherein the source electrode is electrically connected to 
the oxide semiconductor film through a first opening in 
the gate insulating film, and 

wherein the drain electrode is electrically connected to the 
oxide semiconductor film through a second opening in 
the gate insulating film. 

8. The semiconductor device according to claim 1, 
wherein the gate electrode is a first gate electrode, 
wherein the semiconductor device further comprises a sec 

ond gate electrode below the insulating film, and 
wherein the second gate electrode overlaps with the oxide 

semiconductor film. 
9. A semiconductor device comprising: 
an insulating film; 
an oxide semiconductor film including a channel formation 

region over the insulating film; 
a gate insulating film over the oxide semiconductor film; 

and 
a gate electrode overlapping with the oxide semiconductor 

film over the gate insulating film, 
wherein the insulating film and the oxide semiconductor 

film comprises hydrogen, 
wherein a peak of a concentration profile of hydrogen is 

located in the insulating film, and 
wherein the insulating film not overlapped with the channel 

formation region contains more hydrogen than the insu 
lating film overlapped with the channel formation 
region. 

10. The semiconductor device according to claim 9. 
wherein the oxide semiconductor film comprises a crystal. 

11. The semiconductor device according to claim 10, 
wherein a c-axis of the crystal is aligned in a direction parallel 
to a normal vector of a Surface where the oxide semiconductor 
film is formed or a normal vector of a surface of the oxide 
semiconductor film. 

12. The semiconductor device according to claim 10, 
wherein the crystal is a microcrystal. 

13. The semiconductor device according to claim 9, further 
comprising: 

a source electrode and a drain electrode which are electri 
cally connected to the oxide semiconductor film, 

wherein the source electrode and the drain electrode is 
provided between the insulating film and the oxide semi 
conductor film. 
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14. The semiconductor device according to claim 9, further 
comprising: 

a source electrode and a drain electrode which are electri 
cally connected to the oxide semiconductor film, 

wherein the source electrode and the drain electrode is 
provided between the oxide semiconductor film and the 
gate insulating film. 

15. The semiconductor device according to claim 9, further 
comprising: 

a source electrode and a drain electrode over the gate insu 
lating film, 

wherein the source electrode is electrically connected to 
the oxide semiconductor film through a first opening in 
the gate insulating film, and 

wherein the drain electrode is electrically connected to the 
oxide semiconductor film through a second opening in 
the gate insulating film. 

16. The semiconductor device according to claim 9. 
wherein the gate electrode is a first gate electrode, 
wherein the semiconductor device further comprises a sec 

ond gate electrode below the insulating film, and 
wherein the second gate electrode overlaps with the oxide 

semiconductor film. 
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